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ABSTRACT 
Diagenesis and Water Chemistry of the Woodbine Group 
in the East Texas Basin, Texas. 
by 
H. Victor Wuerch, Master of Science
Utah State University, 1986
Major Professor: Dr. Peter T. Kolesar 
Department: Geology 
x 
Petrographic and SEM study of fluvial-deltaic sections of the 
Woodbine Group in the East Texas Basin indicates that authigenic mineral 
suites are controlled, in part, by the presence of organic-rich matrix. 
During early, precompaction diagenesis, organic matter supplied the 
metabolic fuel required by sulfate-reducing bacteria to reduce sulfate 
in depositional waters ultimately to pyrite. With burial the sulfate 
supply was ultimately exhausted, and bicarbonate activity thereafter 
controlled the precipitation of siderite and Fe-calcite. 
Matrix material supplied the components and reaction sites for the 
most important porosity-occluding reaction: kaolinite • Fe,Mg 
chlorite. Matrix physically inhibited the growth of quartz overgrowths, 
yet, through compaction and as a product of the above reaction, provided 
a supply of silica for quartz cementation. Dissolution of salt dome 
cap rock has played a minor role in the cementation of the Woodbine in 
xi 
the East Texas Basin. Pore-filling calcite, barite, and pyrite were 
observed in the Woodbine where the Woodbine is in direct hydraulic 
communication with salt dome cap rock. 
In the deep, central portion of the basin Na-Cl brine resulting from 
salt-dome dissolution is evolving toward a Na-Ca(Mg)-Cl brine. The 
evolution of the brine chemistry may be the result of cation exchange on 
clay minerals, albitization of plagioclase feldspars, or the dissolution 
of magnesium- and calcium- ch loride-rich phases. The present study 
could not confirm any of these reactions. 
WATEQF was used to calculate mineral-saturation states in Woodbine 
waters. Program output appears to represent accurately in situ 
individual mineral-saturation states at measured pH, as confirmed by 
petrographic and SEM identification of authigenic minerals. Relative 
stability between mineral pairs can be tested with thermodynamically-
derived activity diagrams for the mineral pairs. 
(129 pages) 
INTRODUCTION 
General Statement 
Under a Department of Energy contract the Texas Bureau of Economic 
Geology undertook a study of salt domes in the East Texas Basin as 
potential nuclear-waste repositories (Kreitler et al., 1981 ). Included 
in that study was an attempt to determine the hydrologic stability of 
salt domes through geologic time (Kreitler et al., in press). 
Detailed investigation of water-rock interactions in the Woodbine Group 
in the basin was abandoned when federal funds were shifted to bedded 
evaporites in West Texas • 
This report summarizes a study of water-rock interactions in the 
Woodbine in the East Texas Basin. Water-chemistry data and thin sections 
supplied by the Bureau of Economic Geology were supplemented with 
additional thin sections and whole rock samples from outcrop and drill 
cores within the basin to complete the present study. 
The Woodbine Group is a major oil producer in the East Texas Basin. 
Knowledge of its diagenetic history would aid in understanding 
hydrocarbon occurrence and migration. 
Purpose of Investigation 
This study was conducted to: 1) describe the diagenesis of the 
Woodbine Group in the East Texas Basin; 2) determine the impact of salt-
dome dissolution on Woodbine diagenesis and pore-water evolution; and 3) 
2 
assess the validity of mineral-saturation states calculated by the 
computer program WATEQF (Pl um mer et. al., 1976) from water-chemistry 
data. 
Location of Study Area 
The study area is located in the East Texas Basin in northeastern 
Texas (Fig. 1). The area of study was delineated by the accessibility of 
oil wel 1 s for sampling for water-chemistry analyses, and the 
availability of drill cores for thin sections and whole rock samples. 
The study area is comprised of 13 counties or portions of counties 
within the bas i n. It is bounded on the west and north by the Mexia-Talco 
Fault System, on the east by the eastern boundaries of Wood, Smith, and 
Cherokee Counties, and on the south by approximate latitude 31° 30"N 
in Houston, Leon, and Limestone Counties (Fig. 2). 
Study Methods 
Field Procedures- Water-chemistry samples were collected by the author 
as close to the well head as possible. The oil/water ratio was 
sufficiently low to allow collection at the well head for all but two 
samples. These were collected from an oil/water separator away from the 
wel 1 head. 
Samples were initially filtered through a funnel filled with pyrex 
glass wool to remove oil and large particulate matter. The water was 
then fi 1 tered through a 0.45 micron fi 1 ter under nitrogen pressure to 
minimize atmospheric contamination. At each sampling site the following 
3 
FIG. 1- Map showing location of East Texas Basin, basin boundaries, and 
major structural elements of eastern Texas and Gulf Coast area (from 
Jae kson, 1982). 
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FIG. 2 - Map of the East Texas Basin showing basin boundaries, local 
normal-fault systems, and well locations from which water and whole-rock 
samples were collected (after Kreitler et al., 1981). 
EXPLANATION: 
* 
Wells from which water samples were 
collected as part of this study. 
a Wells for which water chemistry data 
were used from previously published 
analyses. 
Cl Wells from which whole rock samples 
were collected. 
Locations of salt domes in probable 
hydraulic contact with the Woodbine. 
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7 
samples were collected in sequence from one gallon of filtered water: 1) 
125 ml preserved with 5 ml CdAc for H2S analysis; 2) one liter, 
unacidified, for individually analyzed ions; 3) one liter, unacidified, 
for storage at the Mineral Studies Lab, Bureau of Economic Geology, 
Austin Texas; 4) 250 ml, acidified with 10 ml 6N HCl, for I.C.P. 
analysis of cations; and 5) 24 ml, diluted with 100 ml distilled water, 
for Si0 2 analysis. 
All chemical analyses were performed by Bureau of Economic Geology 
personnel at the Mineral Studies Lab, Austin, Texas. 
Woodbine outcrops are located on Figure 4. Rock samples from 
Woodbine outcrops located approximately five miles southwest of Dallas 
in Tarrant County, Texas (Fig . 1) were collected for x-ray-diffraction 
ana l ysis and thin sectioning. Samples were selectively chosen from 
channel sands and overbank deposits to represent the two facies. Whale-
rock samples from wells in the East Texas Basin were sampled on the 
basis of availability and depth. Locations of wells sampled for water-
chemistry analyses, and whole-rock samples for thin sectioning, for x-
ray diffraction, and for scanning-electron-microscope observation are 
presented in Table 1 and shown on Figure 2. 
Laboratory Procedures- Thin sections and drill cores for thin sectioning 
were selected strictly on the basis of availability. An attempt was made 
to describe diagenesis in as much of the basin as possible. However, 
most attempts to acquire drill cores were frustrated by lack of 
information on depth and/or location which resulted from poor curating 
procedures through time. 
8 
Table 1 - Detailed description of well locations and depths from which 
samples on Figure 2 were collected. Symbols are the same as on Figure 2. 
Sample Sample 
:10. Field Lease Well Depth(Ft.) 
* 
1 Mexia Gamb 1e Louise 111 3,100 
* 
2 Richland Jewell Weaver 3,300 
* 
3 Powell Mackie 3,000 
* 
4 Nesbett 3,390 
* 
5 Cayuga Wortham 4,030 
* 
6 Long Lake Little Reeves Tract 112 5,272 
* 
7 Concord Dome 4,404 
* 
8 Van J.A. Bracken ~5-9 2,900 
* 
9 Slocum-Northwest George Springman 5,400 
* 
10 Neches Broyles-State 12 4,704 
* 
11 Boggy Creek H.L. Carter C 3,600 
* 
12 Barkley 0.0. Martin #1 4,259 
* 
13 Hawkins Atkins 4,531 
• 1 Stewards Mi 11 4,001-4,006 
• 2 Ham Gossett s. E. 3,256-3,265 
• 3 auffalo 5,642-5,645 
• 4 Navarro Crossing 5,870-5,875 
• 5 Newton Branch 5,148-5,151 
• 6 Good Omen 3, 950-3, 954 
• 7 Meri ga 1 e-Paul 5,237-5,488 
CJ 1 Oakwood Dome G,000 
CJ 2 Neches Boyling #1 4,650 
CJ 3 Larissa Stockton *1 4,380-4,504 
CJ 4 Chandler S. Chandler #1 4,845-4,880 
CJ 5 Tyler South Humble *1 5,038-5,068 
CJ 6 Van Clark *1 3,255-3,304 
9 
Nineteen thin sections from three wells, acquired from The Bureau of 
Economic Geology, were prepared as part of the original Bureau of 
Economic Geology study. Five thin sections were made from core pieces 
from two wells acquired through the Bureau of Economic Geology core 
library. Two thin sections were made from samples collected by the 
author from Woodbine outcrops. All thin sections were cut perpendicular 
to bedding, and a blue-stained epoxy was used to impregnate samples to 
aid in porosity recognition. One half of each thin section was stained 
with sodium cobaltinitrite for potassium-feldspar identification 
(Hutchison, 1974). After initial examination, 14 thin sections of 
Woodbine sandstones were selected for detailed examination. Thin 
sections were point-counted at regular intervals on a grid system until 
200 grains were counted. A Zeiss polarizing microscope with a mechanical 
stage and calibrated eyepiece was used to describe: 1) grain 
composition, size, shape, and roundness; 2) quartz type; 3) matrix 
mineralogy and abundance; 4) cement mineralogy and abundance; 5) 
paragenetic sequence; and 6) primary and secondary porosity. The 
remaining 12 thin sections, too fine-grained to yield significant 
results on grain populations, were described without being point 
counted. 
After thin section grain-size frequencies were compiled, they were 
converted to sieve-size equivalents using the conversion chart developed 
by Friedman (1958). All of the thin sections met Friedman's criterion of 
being finer than -1 phi; however, none of the thin sections were well 
sorted. Cumulative-frequency-percent and frequency-percent-distribution 
curves were plotted using the corrected data, and mean grain size (Mz), 
10 
standard deviation (Oz), skewness (Skz), and kurtosis (KG) were 
calculated (Folk and Ward, 1957; Folk, 1974). 
Twenty-four whole-rock samples were analyzed for mineral content 
with an x-ray diffractometer. All samples were powdered and passed 
through a 115-mesh sieve. Random mounts were prepared and scanned from 
20 2 theta to 450 2 theta at 20 2 theta per minute, using Ni-filtered 
CuK radiation at 35kv and 16mA on a Siemens Krystalloflex IV 
diffractometer. Clay minerals were identified by glycolation and heating 
to 550° C, following the procedure outlined in Carroll (1970). The 
kaolinite peak was di sti ngui shed from the Fe-chl ori te peak by heating 
the sample to 900 C in lN HCl for an hour. This treatment removes the 
Fe-chlorite peak but not the kaolinite peak (Carroll, 1970). The results 
are reported in Appendix A. 
Three samples were examined using scanning electron microscopy: #1 
Humble (5062 ft), #1 Clark (3263 ft), and #1 Stockton (4504 ft). Samples 
#1 Clark (3263 ft) and #1 Stockton (4504 ft) were examined with a Model 
1000 AMR scanning electron microscope with an energy-dispersive analyzer 
at the Biology Department, Utah State University, Logan, Utah. Samples 
#1 Humble (5062 ft) and #1 Clark (3263 ft) were examined with a Model 
1200 B Amray scanning electron microscope with a Link Systems series 2 
energy dispersive-analyzer at Exxon Production Research Company, 
Houston, Texas. 
The computer program WATEQF (Plummer et al., 1976) was used to 
calculate saturation states of minerals in Woodbine waters. WATEQF is a 
FORTRAN IV version of an earlier program, WATEQ (Truesdell and Jones, 
1973), used to model thermodynamic speciation of inorganic ions and 
11 
complexes in solution from water analyses (Plummer et al., 1976). 
Saturation states of minerals (log (Ion Activity Product/Ksp)) are 
calculated from the distribution of aqueous species using mineral-
dissociation reactions, solubility products (log Ksp) taken from various 
thermodynamic data compilations (e.g. Garrels and Christ, 1965; Robie 
and Waldbaum, 1968; and Helgeson, 1969), and calculated-ion activity 
products. Experimentally determined ionic concentrations are converted 
to activities by multiplying concentrations by calculated activity 
coefficients. Activity coefficients are calculated using the Davies 
equation, which is accurate in more saline waters than the Debye-Huckle 
equation. Experi men ta 11 y determined water-chem ·i stry data and calculated 
mineral- saturation states are presented in Appendix B. WATEQF uses an 
almost identical thermodynamic data base and calculating procedure as 
WATEQ. 
12 
SETTING 
Geologic Setting 
Basin Evolution and Infilling- The general structural and stratigraphic 
evolution of the East Texas Basin is summarized by Jackson and Seni 
(1983). The basin originated as a failed continental rift marginal to 
the major rift zone which formed the Gulf of Mexico. Prior to rifting 
the Paleozoic Ouachita fold belt was uplifted, and it provided a 
sediment source for the subsiding basin through Woodbine time (Fig. 1). 
Stratigraphic nomenclature is summarized in Figure 3. Sedimentation 
began with the Triassic Eagle Mills continental red beds. The Jurassic 
Louann Salt was deposited in a restricted, evaporitic marine environment 
over an angular unconformity across the Eagle Mills and eroded Paleozoic 
basement. 
Carbonate platform deposition dominated through Smackover time, 
during the first major transgressive episode. 
During the Late Jurassic and Early Cretaceous, Shuler and Travis 
Peak deposition document major regression. Influx of elastic terrigenous 
sediment was predominantly from the north-northwest from the exposed 
Ouachita fold belt. The overlying Glen Rose represents a general 
transgressive sequence with minor terrigenous influxes. 
Prior to Woodbine deposition, fluvial-deltaic sedimentation 
dominated during Paluxy time. Sediment influx was again from the north-
northwest, and deltaic sandstones graded into shales toward the center 
of the basin. Subsequent Washita deposition documents another 
FIG 3-
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transgressive phase just prior to Woodbine time. 
The beginning of the Late Cretaceous marks the onset of a major 
regressive sequence, that started with the Woodbine and ended in the 
Oligocene when basin subsidence ended. 
Woodbine Deposition- Deposition of the Woodbine in the East Texas Basin 
is presented in detail by Oliver (1971). Figure 4 (from Oliver, 1971), 
shows the relation between present-day Woodbine outcrop and depositional 
systems in the basin. Thin sections from wells 1, 2, and 3 in Table 1 
are located in the Freestone Delta System, and thin sections 4, 5, and 6 
in Table 1 are located in the Dexter Fluvial System. 
01 iver (1971) identified two members in the Woodbine Formation: the 
lower, Dexter, and the upper, Lewisville. These members have been 
subsequently termed formations, and the Woodbine a group. The Dexter 
Formation is comprised of the fluvial system, and the Lewisville is 
comprised of the deltaic and prodelta-shelf systems. 
Oliver (1971) divided the fluvial system into two facies: 1) the 
updip tributary facies; and 2) the down dip meander belt facies. The 
distinction between the two is based on the ratio of channel sand to 
over-bank mud deposits. The tributary facies is dominated by over-bank 
mud deposits with well defined, discrete channel sand deposits. The 
meander belt facies is dominated by channel sand deposits which have 
coalesced into a semi-continuous sheet sand body. Over-bank mud deposits 
are less well developed than in the tributary facies. 
The fluvial system dominates the northern one-third of the basin. 
Channel axes are oriented predominantly toward the south-southwest. In 
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FIG. 4 - Map showing generalized depositional systems of the Woodbine in 
northeastern Texas and the rel ati onshi p between depositional systems and 
present-day Woodbine outcrops (from 01 iver, 1971). 
lb 
e (treme northeast Texas counties the fluvial system is dominated by 
t·ibutary facies. Deposition occurred as channel sands and overbank 
mJds. To the southwest these facies grade into meander-belt facies where 
o,erbank deposits are poorly developed and sands predominate. The 
m~ander belt facies interfingers with the coastal barrier facies of the 
d~l ta system. The delta system represents the greatest volume of 
WJodbine sediments. This system is predominantly sand in updip sections, 
ad becomes increasingly fine-grained to the south where prodel ta muds 
dominate. 
S:ructural Modification£.!. the Woodbine- During deposition of the 
W lOdbi ne, growth faulting occurred along the western and north-western 
mirgins of the basin, represented by the Mexia-Talco fault zone (Fig. 
H Normal faulting al so occurred in the Elkhart Graben-Mt. Enterprise 
f 1ult zone (Fig. 1). Salt movement began in the Late Jurassic and salt 
dcmes continued to grow during and after Woodbine deposition (Jackson 
ard Seni, 1983), which caused faulting and folding of the Woodbine. 
S1lt-dome growth locally modified the general southeast dip of the 
W1odbine toward the central portion of the basin (Fig. 5). The Sabine 
Urlift borders the eastern margin of the basin (Fig. 1). It is believed 
tc have been emergent near the end of Woodbine deposition (Oliver, 
191; Siemers et al., 1981), and thus partially controlled deposition 
ir the basin, and allowed late-stage reworking of Woodbine sediments 
sruthwestward into the prodelta-shelf system of the Woodbine/EagleFord 
(Siemers et al., 1981). 
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FIG. 5 - Dip cross section, East Texas Basin. Section line A-A is located 
on Figure 2 (from Kreitler et al., in press). 
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Hydrologic Setting 
General Statement- Present Woodbine waters in the East Texas Basin range 
from approximately 13,000 to over 100,000 ppm total dissolved sol ids. 
Salinities are lowest near the up-dip margin of the basin near the 
Mexia-Talco fault zone, and increase toward the central portion of the 
basin where the Woodbine is in contact with salt domes (Fig. 6). 
Salinities in the Woodbine increase from approximately 2,000 ppm total 
dissolved solids outside the basin, northwest of the Mexia-Talco fault 
zone, to 13,000 ppm imrned·iately basinward of the fault zone. Waters 
north - west of the fault zone are Na-Hco3-S04-Cl type whereas those in 
the basin are Na-Cl type. Woodbine waters in the basin have been 
hydraulically closed to waters outside the basin northwest of the fault 
zone probably since barrier conditions were imposed by faulting along 
the Mexia-Talco Fault Zone (Kreitler et al., in press). 
Origin of Water- The origin of the waters in the saline aquifers in the 
East Texas Basin is discussed by Kreitler et al.,(in press) and is 
summarized below. Based on hydrogen- and oxygen-isotopic data from 
formation waters it was concluded that present waters have a 
continental meteoric origin. Formation waters probably have long 
residence times, and recharge likley began during the Cretaceous. The 
Woodbine apparently had two hydrogeologic regimes (Kreitler et al., in 
press). Initially, shortly after deposition, the Woodbine was probably a 
through-flowing meteoric system that flushed original marine water out 
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FIG. 6 - Isochloride map of Woodbine waters in the East Texas Basin. 
Con tour values are mg/ 1 X 1000. Symbols are the same as in Figure 2. Note 
that high chloride concentrations do not necessarily coincide . with 
locations of salt domes. Data from Appendix B. 
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at discharge points at topographic lows around salt domes, which formed 
salt dome cap rock. Later, with burial, the system probably became 
stagnant as water flow was restricted by Woodbine pinchout against the 
Sabine Uplift to the east, and the down-dip facies change into prodelta 
muds to the south. Timing of the change in flow systems has not been 
resolved, but it appears that Woodbine waters in the basin have been 
isolated from waters outside the basin for a considerable length of 
time. 
Pressure conditions in the Woodbine are presently hydrostatic to 
subhydrostatic {Kreitler et al ., in press). A decline in hydraulic head 
has been caused by hydrocarbon production over approximately the past 
fifty years. Because of this pressure decline there is a po ten ti al for 
water from deeper, over pressured aquifers to move up along faults and 
salt-domes into the Woodbine, and water from shallow, fresh-water 
aquifers to move down into the Woodbine. The potential al so exists for 
dewatering of overlying and underlying shale aquitards/aquicludes into 
the Woodbine. 
Source_£.! Dissolved NaCl- Kreitler et al. (in press), consider the 
source of dissolved NaCl in all the saline aquifers in the East Texas 
Basin to be dissolution of salt-dome halite. This conclusion was reached 
by two mass- balance approaches: 1) amount of dissolved NaCl compared to 
the amount of Louann halite which has been lost; and 2) amount of 
dissolved NaCl compared to the amount of halite required to produce the 
volume of salt-dome cap rock in the basin. Both approaches yield volumes 
of halite lost through dissolution greater than that required to produce 
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the total amount of dissolved NaCl. The excess NaCl apparently was lost 
through expulsion during burial compaction. Formation pore-water 
volumes, and thus total amount of dissolved NaCl, were estimated using 
average porosities for each formation. 
Kreitler et al. (in press) also concluded that salt-dome dissolution 
occurred early in the history of the basin, and is not presently 
occurring. Salinity distributions around salt domes in the Woodbine were 
examined. No consistent increase in salinity was found near domes. 
Considerations based on c136 age dating of dissolved chloride (Kreitler 
et al., in press), and timing of the formation salt-dome rim syncline 
(Jackson and Seni, 1983) and cap rocks (Kreitler and Dutton, 1983) 
indicate that dissolution occurred early. 
Geochemical Trends- Kreitler et al. (in press) divided the saline 
aquifers in the East Texas Basin into two groups based on water 
chemistry and depth. Post-halite-dissolution water chemistry in the 
deeper, more saline aquifers of the Glen Rose and Travis Peak formations 
has been modified by feldspar dissolution and by albitization and 
dedolomitization. Dissolution of potassium feldspars results in 
increased aqueous potassium concentrations in formation waters. The 
albitization and dedolomitization reactions result in increased aqueous 
calcium and magnesium concentrations. These reactions would cause a Na-
Cl brine to evolve toward a Na-Ca-Cl brine with increased Kand Mg 
concentrations. This is the case in the deep aquifers. 
It was concluded that minimal water/rock interaction has occurred in 
the shallower, less saline aquifers of the Nacotoch, Woodbine and Paluxy 
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formations, where it was determined that brines have not significantly 
evolved from a Na-Cl brine (Kreitler et al., in press). Potassium and 
magnesium are less concentrated in shallow formation waters than in deep 
waters, in support of the above argument. 
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RESULTS 
Petrography 
General Statement- Woodbine sandstones in the East Texas Basin plot in 
the quartzarenite and subarkose fields of the Q-F-L sandstone-
classification ternary diagram of Folk (1974) (Fig. 7). Sandstones are 
poorly- to moderately well-sorted, very fine- to medium-grained, 
immature to submature, and poorly to well cemented. Cements range from 5 
to 28 percent of the rock by volume. Sandstone porosities in the basin 
range from a trace to 21. 8 per c en t of the r o c k by v o 1 um e , and average 
7.4 percent of the rock by volume (Appendix D). Secondary porosity is 
significant in only one sample, #1 Humble (5057-5068 ft). 
Detailed mineralogy of thirteen point-counted thin sections and 
summaries of quartz type, grain roundness and equantness, statistical 
parameters, and sandstone-classification parameters are presented in 
Appendix D. Statistical parameters were derived from cumulative-
frequency plots (after Friedman, 1958). These plots, as well as 
detailed rock name, annotated statistical parameters, and paragenetic 
sequence of each point counted thin section are presented in Appendix D. 
Mineralogy and grain size data are also presented in Appendix D. 
Mineralogy- Quartz is the dominant mineral in all samples; it ranges 
from 78.1 to 96.4 percent of grains, and averages 91.6 percent of 
grains. Quartz populations were divided into three categories by the 
criteria presented by Basu et al. (1975): 1) nonundulant - grains with 
extinction angle less than or equal to 5 degrees; 2) undulose - grains 
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with extinction angle greater than 5 degrees; and 3) polycrystalline -
grains which contain 2 or more crystal units. Undulant grains are the 
most abundant; they range from 60.5 to 84.5 percent of quartz grains and 
average 70.7 percent of quartz grains. Nonundul ant grains are the next 
most abundant; they range from 11 to 35.2 percent of quartz grains and 
average 23 percent. Polycrystal 1 ine quartz ranges from 3.9 to 10.8 
percent of quartz grains, and averages 6.3 percent. 
Feldspars are the next most abundant mineral present in Woodbine 
sandstones. 0rthoclase is the most abundant feldspar, ranging in 
abundance from a trace to 11.5 percent of grains, and averaging 5.1 
percent. Plagioclase and microcl ine are present in trace amounts in 
about half of the thin sections point-counted. 
Schist and quartzite metamorphic rock fragments are present in all of 
the point-counted thin sections, and comprise from a trace to 3 percent 
of grains. Siltstone and mudstone sedimentary rock fragments are 
generally less abundant, and are present in all but three of the point-
counted thin sections. They comprise from a trace to 4.2 percent of 
grains. Chert, less abundant still, is present in all point-counted 
thin sections, and comprises from a trace to 3.6 percent of grains. 
All other detrital grains observed in thin section - tourmaline, 
iron oxides, muscovite, biotite, and zircon - are present mostly in 
trace amounts. 
Detri tal grains comprise from 59.6 to 75.8 percent of rock by volume 
in point-counted thin sections, and average 69.1 percent of rock by 
volume. 
Matrix, detrital material less than 0.03 mm in diameter, comprises 
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from a trace to 22 percent of rock by volume in point-counted thin 
sections, and averages 8 percent rock by volume. It is comprised of 
admixtures of clay minerals, quartz, iron oxides, and organic matter, of 
which clay minerals are most abundant. Percentages of matrix components 
are subject to error due to their fine-grained and admixed nature. Also, 
examination of three samples by scanning-electron microscope indicates 
that clay minerals are being recrystallized. Distinguishing detrital 
from recrystallized or replaced clay minerals through a petrographic 
microscope is tenuous at best. Although Folk (1974) considers 
recrystallized matrix clays as being part of the matrix , they are 
considered to be cements in this study because they partially occlude 
por osity. 
Cement minerals observed in the Woodbine include: chlorite, 
kaolinite, siderite, calcite, overgrowths of quartz and feldspar, iron 
oxide, pyrite, fl uorapatite, and barite. The most abundant cements are, 
typically, chlorite and kaolinite. Cement abundances are presented in 
Appendix Das percent of rock by volume. 
Grain Size, Sorting, and Skewness- The inclusive graphic mean was 
calculated from the formula of Folk and Ward (1957): Mz = (H6 + (()50 + 
~84)/3. Mean grain size of point-counted thin sections ranges from 3.52 
~ (0.09 mm) to 1.86 () (0.28 mm), and averages 2.72 ~ (0.15 mm). 
Sorting (standard deviation) and skewness were also calculated from 
the formulae of Folk and Ward (1957). Sorting (()1) = (()84 - ()16)/4 + 
((195 - (15)/6.6; and skewness (SK1) = ((116 + (184 - 2(150)/2((184 - (116) + 
(()5 + ()95 - 2()50)/2(()95 - ()5). Verbal descriptions of sorting and 
skewness foll ow Folk (1974}. 
Sorting in Woodbine sandstones ranges from 1.97 0 to 0.53 0 { poorly 
to moderately well sorted}, and averages 1.00 (J {moderately-sorted}. 
Skewness of Woodbine sandstones ranges from -0.38 to +0.25 {strongly 
coarse skewed to fine skewed}, and averages -0.01 {near symmetrical}. 
Diagenesis 
General Statement- Diagenesis of the Woodbine Group in the East Texas 
Basin was controlled largely by the presence of organic-rich matrix . 
Matrix mater ial both inhibited and enhanced diagenesis by: 1} 
restricting the movement of pore water through the sediment column; and 
2} providing a site and a supply of ions for reaction. 
Diagenesis has been divided into two major categories based on depth 
of burial. Organic-rich matrix was a major factor in each. In the early 
stage of diagenesis, near the sediment-water interface shortly after 
deposition, matrix material controlled diagenesis by restricting the 
amount of hydraulic communication between sediment and the overlying 
water column, and by providing the conditions and materials necessary 
for bacterial sulfate reduction. In the later stage, sometime after the 
system was closed to water in the depositional environment, matrix 
material again controlled reaction kinetics by restricting water 
movement. However, it al so provided a supply of ions for di agenesi s of 
cleaner sands, and reaction sites for replacement and recrystallization 
reactions. 
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Early Diagenesis -In the early stage of diagenesis organic matter in the 
matrix is metabolized by bacteria to produce CO2 and to reduce aqueous 
sulfate to sulfide by the general reaction (Irwin, et al.,1977): 
2cH20 + so4-2 = 2co2 + 2H2D + s- 2 (1) 
The resulting aqueous sulfide reacts with iron in the matrix to produce 
pyrite (Berner, 1970). The factors which control the precipitation of 
pyrite in this situation are: 1) the occurrence of organic matter; 2) 
the presence of sulfate-reducing bacteria; 3) a supply of aqueous 
sulfate, generally from sea water; and 4) the availibility of reactive 
iron species (Berner, 1970). 
Early diagenesis in the Woodbine will be discussed under two major 
conditions: 1) in bioturbated, organic-rich siltstones; and 2) in 
sandstones with various amounts of organic-rich matrix present. 
In organic-rich siltstones burrows are almost totally free of 
pyrite. It is only in the unburrowed areas where pyrite, and iron 
oxides, are abundant. The burrowing organisms may have consumed most or 
all of the organic matter, or the burrowed areas may have remained open 
to oxygenated marine waters. Both of these situations would greatly 
decrease the ability of bacteria to reduce sulfate, the former by 
restricting the required metabolic fuel, and the latter by establishing 
conditions too oxidizing for pyrite stability. 
In unburrowed areas conditions were favorable for pyrite formation. 
Pyrite occurs in irregular, patchy masses up to approximately one 
centimeter in diameter, which have been partially altered to iron oxide. 
The fine-grained nature of the sediment caused anarobic conditions to 
result shortly after deposition. This allowed bacteria that metabolize 
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organic matter to reduce aqueous sulfate ultimately to pyrite. The 
occurrence of these pyrite masses seems not to have been controlled 
totally by the presence of organic matter, since areas free of pyrite 
contain some organic matter. 
Deformation from vertical pressure of platy clay particles around 
many of the iron-cemented masses indicates that pyrite formed as an 
early cement, prior to compaction. 
In Woodbine sandstones early diagenesis is characterized by: 1) 
formation of pyrite and iron-carbonate nodules (Fig. 8); 2) 
precipitation of disseminated pyrite, siderite, and iron-rich calcite; 
and 3) replacement and infilling of foraminiferal tests with pyrite, 
iron oxide, siderite, and iron-rich calcite. 
Nodules in rather clean sands range in size from 0.40mm to 1.50mm in 
diameter. They generally nucleated around partially oxidized pyrite, and 
grew outward, and replaced matrix material between detrital grains. The 
carbonate becomes more iron-stained away from the center of the nodules. 
The same general reaction (1) is considered to control pyrite 
precipitation in iron-carbonate nodules (Gautier, 1982), under 
conditions similar to those conducive to pyrite precipitation alone. In 
this case all aqueous sulfate is reduced to sulfide and forms pyrite 
before the availible reactive iron is consumed. The bicarbonate activity 
increases to a point beyond siderite or iron-rich calcite saturation, 
and precipitation occurs. It has been suggested by Curtis et al. (1972) 
that a fermentation reaction is responsible for siderite formation after 
all aqueous sulfide has been precipitated as pyrite: 
4CH30H =3CH4 +CO2+ 2H20 (2) 
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FIG. 8 - Photomicrograph of #1 Clark (3255 ft) showing a nodule composed 
of: 1) authigenic pyr ite; 2) aut higenic pyri te being oxidised to iron 
oxide around edges; and 3) sider ite/Fe-c al c·te . Note difference s i n grain 
densities within and outside of nodule. Crossed polarizer s, medi um power. 
Because sandstone permeabilities are greater than those in silts tones, 
high sedimentation rates were probably necessary for closing the 
sediment to influx of marine water, thus cutting off the sulfate 
supply. 
Disseminated pyrite, siderite, and iron-rich calcite are 
also present in matrix-rich sandstones. The fact that the minerals are 
disseminated rather than in nodular form seems to be related to the 
distribution of matrix material. Nodules are well-developed in 
cleaner sands with patches of matrix, whereas disseminated minerals 
occur where matrix is more uniform in distribution. Siderite is a major 
constituent compared to pyrite in some areas, which suggests higher 
sedimentation rates than in areas where carbonate phases are absent. 
Higher sedimentation rates would cause the sediment column to pass 
rapidly through the region dominated by the sulfate-reducing bacteria 
reaction to sediment depths that may be dominated by a fermentation 
reaction where CO2 is produced without aqueous sulfate input. 
Grain densities are lower within nodules than in surrounding areas, 
which suggests that compaction occurred after cementation of the 
nodules. 
Some foraminiferal tests have been totally replaced by iron oxide, 
siderite, and iron-rich calcite. Tests have been progressivly filled 
from the center with pyrite, iron oxide and, in some cases, alternating 
stages of siderite and iron-rich calcite. The pyrite was probably 
associated with organic remains and, therefore, would have formed first. 
Since the infilling does appear to have occurred from the center 
outward, it is likely that it occurred as a replacement of some initial 
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material. The presence of early carbonate associated with pyrite, and 
the larger grain size of the detrital grains, very fine to medium sand, 
suggests rather rapid burial. However, it is difficult to explain the 
fluctuations in iron activity required to produce the alternating phases 
of siderite and iron-rich calcite if the system were quickly closed to 
influx of sea water. 
Isolated traces of apatite cement are present in the thin sections 
from the #1 South Chandler well. It is present in matrix-rich 
sandstones, and results from early, precompaction precipitation within 
the depositional environment (Berner , 1980). 
On some grains in most thin sections an early, pre-consolidation, 
pre-quartz-overgrowth, isopachous chlorite rim cement is present. It is 
unclear whether the rims formed as grain coatings prior to deposition, 
or as true cements after deposition, prior to compaction. 
Figure 9 is a schematic representation of the sites and processes of 
early diagenesis . 
Late Diagenesis- Organic-rich matrix partially controls post-
consolidation diagenesis of the Woodbine. However, following deep burial 
(>3000 ft), the problem of distinguishing detrital matrix from 
recrystallized matrix and authigenic clay cements becomes enigmatic. 
Dickinson (1970) discussed the problem of distinguishing detrital clay 
minerals from those which have been recrystallized or have formed after 
deposition. He introduced four terms which describe clay minerals in 
immature arenites and arkoses which are commonly confused with 
authigenic clay cements when observed through a petrographic microscope. 
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As defined by Dickinson (1970): 1) protomatrix refers to 
unrecrystallized detrital clay minerals; 2) orthomatrix refers to 
recrystallized or replaced clay minerals of detrital origin; 3) 
epimatrix refers to the clay minerals formed by diagenetic 
recrystallization or replacement of detrital sand grains (micas and 
feldspars); and 4) pseudomatrix refers to deformed, clay-rich 
sedimentary rock fragments. 
Through petrographic examination of Woodbine sandstones interstitial 
clay minerals were suspected by the author to be, in part, a product of 
replacement and recrystallization (orthomatrix) (Fig. 17). Examination 
of the sandstones with a scanning electron microscope confirmed the 
presence of orthomatrix. Figure 10 shows compacted, detrital kaolinite 
(protomatrix), whereas Figure 11 shows progressive recrystallization of 
chlorite of possible replacement origin to a euhedral chlorite 
orthomatrix. Figure 12 shows protomatrix and/or orthomatrix acting as 
nucleation sites for an authigenic, pore-filling clay mineral cement. 
Wilson and Pittman (1977) defined allogenic clay minerals as being 
formed prior to deposition and mixed with the sand fraction during 
deposition. Authigen ic clay minerals are defined as those formed after 
deposition, and include new, recrystallized and replaced clay minerals. 
The difficulty in distinguishing between the two types is well 
recognised (Dickinson, 1970). Accordingly, the amount of matrix 
(allogenic clay minerals) present in the Woodbine, presented in Appendix 
D, is probably overestimated. As defined by Wilson and Pittman (1977), 
the types of allogenic clays present in the Woodbine include: dispersed 
matrix, intercalated laminae, detrital mica, mudstone rock fragments, 
3b 
FIG. 10 - SEM photograph of compacted, detrital clay 
mineral(protomatrix), with EDX spectrum similar to that of a typical 
kaolinite . 
Horizontal scale measures energy in eV, the vertical cursor is on 5080 
eV. 
Vertical scale is linear in counts, and measures relative peak height. 
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FIG. 11 - SEM photograph showing progressive recrystallization of poorly 
crystallized, possible orthomatrix (4) to a euhedral clay mineral of 
similar composition (6). EDX spectra of (4), (5) and (6) are 
representative of an Fe-Mg chlorite. 
Horizontal scale measures energy in eV, vertical cursor is on 5080 eV. 
Vertical scale is linear in counts and measures relative peak height. 
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Fig. 12 - SEM photograph showing a poorly crystallized clay mineral in 
the background, with euhedral chlorite (Ch) growing from it into pore 
space. Chl ori te appears to postdate quartz overgrowth (Qog). 
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and infiltration residues. Authigenic clay minerals present in the 
Woodbine include: pseudomorphous replacement of feldspar, pore-linings, 
pore-fillings, and recrystallization of matrix. 
Wilson and Pittman (1977) found that the most reliable criteria in 
distinguishing authigenic clay minerals from allogenic clay minerals 
are: 1) absence of impurities; 2) greater degree of crystal l inity; 3) 
tendency of authigenic clay mineral flakes to align radially; and 4) 
where present as pore-linings, authigenic clay minerals will not be 
present at grain contacts. Clay minerals in the Woodbine which fit some 
or all of these criteria for clay minerals are: 1) isopachous, iron-rich 
chlorite rims on detrital grains; 2) pore-filling kaolinite cement; 3) 
recrystallization of matrix to an iron-rich chlorite; and 4) pore-
filling, iron-rich c hl ori te. 
The general paragenetic sequence in the Woodbine in the East Texas 
Basin subsequent to compaction is: 1) feldspar dissolution; 2) 
development of quartz and feldspar overgrowths; 3) development of 
chlorite rim cement; 4) formation of pore-filling kaolinite cement, from 
feldspar alteration; 5) replacement and recrystallization of matrix clay 
minerals to iron-rich chlorite; 6) precipitation of pore-filling 
calcite; and 7) precipitation of pore-filling barite. 
No thin section contains all of the authigenic phases. Therefore, 
the timing of the above sequence is not absolute because the relative 
times of formation of all the phases cannot be determined, and appear 
to overlap in many cases. Many of the reactions which control the 
stability of the authigenic minerals are probably the result of 
localized physical and chemical processes. This would make the 
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occurrence of authigenic minerals a function of the local chemical and 
physical environment and not strictly depth and time. 
Feldspar dissolution- Dissolution of detrital feldspar is extensive 
in only one thin section {#1 Humble 5057-5068 ft) {Fig. 13). Original 
feldspar abundance was higher in this sample than in any other sample, 
and kaolinite cement comprises a greater percent by volume of the rock 
than in any other thin section. Mudstone and siltstone sedimentary rock 
fragments , and what appears to have been organic matter, have also been 
leached in this sample. Anerobic decomposition of organic matter 
produces CO2 which reduces the pH. Low-pH environments favor kaolinite 
over feldspar, this a reasonable explanation for the observed feldspar 
instability. Thin section #1 Humble {5057-5068 ft) is also the coarsest 
sample examined. This coarseness could have increased feldspar 
vulnerability to leaching through increased permeability. Feldspar 
leaching is minor or absent in all other samples. 
Chlorite rims- There are two stages, and possibly types, of chlorite 
rims. One of the stages occurred early, prior to compaction. The rims 
formed as an isopachous cement on detrital grains prior to overgrowth 
cement {Fig. 14). It is unclear whether the rims formed prior to 
deposition, i.e. are allogenic, or are true authigenic cements. Pre-
overgrowth chlorite rims were observed on some grains in most samples. 
The second stage of chlorite .rim cement was observed only in sample 
#1 Humble {5057-5068 ft) {Figs. 13 and 14). Here, the rims formed as 
isopachous rinds on most detrital grains after quartz overgrowths had 
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FIG. 13 - Photo micr ogr a ph of #1 Humble (5057-5068 fti showing ,n 
sequ ence: 1) quartz ov e r g rowth ~ 2 } i sopachou s chlorite r im c eme nt; 3) 
form a t i on of secon dary po r os 1t y fro m fe~dsp ar disso l utio n; 4) pore 
filling kao inite cement; and 5) res·dual fe ldspar (orthoclas e) . High 
power , plane lig ht. 
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FIG. 14 ·- Photomicrograph of #1 Stockton (4504 ft) show ing : 1) chlorite 
ri ms; 2) quartz overgrowth; 3) secondary porosity from feldspar 
di ssolution; and 4 ) residua l fe l dspar (orthoclase). Note qua rt z 
overgrowth in upper r ig ht of phot o growing into seco ndar y porosity . High 
po wer, plane 1 i ght. 
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Fig. 15 - SEM photograph with EDX spectra showing chlorite rim cement 
(1,2,4 and 6) and pore-filling kaolinite (3); (5) is a detrital quartz 
grain. The chlorite spectrum (2) is on the left, kaolinite (3), on the 
right. Quartz overgrowths are not present in this field of view and 
cannot be timed relative to the chlorite rims in this photograph. 
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formed. They are not present where grains are in contact. 
Quartz and feldspar overgrowths- Feldspar overgrowths are present in 
trace amounts in three thin sections (Sun #1 Boyl ing, 4650 ft; #1 South 
Chandler, 4845-4850 ft; and #1 Stockton, 4465-4484 ft) (Fig. 16). 
Syntaxial quartz overgrowths are present in all point-counted thin 
sections except #1 South Chandler (4880 ft) which contains 57.4 % 
matrix. Quartz overgroHths comprise up to 7% by volume of the rock in 
the point-counted thin ~ecions. The volumetric significance of silica-
overgrowth cementation has been stressed by many workers since the use 
of cathodol uminescence has identified its occurrence (eg., Sibley and 
Blatt, 1976; Land and Dutton, 1978; Odom et al., 1979; and Milliken et 
al., 1981 ). 
Overgrowth volume decreases as the amount of matrix and/or pseudo-
matrix increases. Overgrowths ar e well developed only in clean sands 
where pores were initially open. Because overgrowths only develop in 
rather clean sands, and because overgrowths are in contact with 
chloritic matrix , this suggests that the chloritic matrix is authigenic 
in origin and formed after quartz overgrowths (Fig. 17). 
Generally, quartz overgrowths are absent at grain contacts, so that 
that silica cementa ti on occurred after compaction. In thin section, 
lath- shaped pores with minor amounts of residual feldspar were observed 
to contain silica cement (Fig. 13). Silica cementa ti on postdates the 
onset of feldspar di ssol uti on, but it is unclear whether the two 
processes occurred synchronously or if silica cementation began after 
feldspar dissolution ended. 
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0 .04mm 
FIG. 16 - Photomicrog rap h of #1 Stockton (4 465-4484 ft) showing a 
syntaxial overgrowt h (1) ;:;n ar. orthoclase grai n. High pow·er, crossed 
polarizers. 
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0 .5mm 
FIG. 17 - Photomicrogr aph of #1 Clark (3263 ft) showing poorly 
c ryst a lized matrix (1 ) being recrystal .i zed to a euhedra 1 ch 1or i te 
(3). Ouartz overgrowth s (2) initia11 y developed ·11 rnatri x free -'lreas but 
now terminate against authigenic chlori t e. P = poros ity . Medi um power, 
pl anE 1 i ghL See Figures l' and 12 for SE photographs of au t hig enic 
chlor · te and quartz overgrowth s in the same sampl e . 
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Kaolinite cement- Kaolinite cement is most abundant in thin section 
#1 Humble (5057-5068 ft) where it comprises 17% of the rock. It is 
present as a pore filling around residual feldspar grains( Fig. 13,), 
and formed when waters were in equilibrium with kaolinite (Fig. 20). In 
all other point-counted thin sections, kaolinite is less abundant, and 
occurs as an alteration product of feldspar or, more commonly, as a 
possible orthomatrix. EDX spectra indicate that the poorly crystallized 
protomatrix and/or orthomatrix is closer to a kaolinite composition than 
to a chlorite composition (Fig. 10 ). No attempt was made to determine 
the proportion of protomatrix versus orthomatrix, but it is possible 
that recrystallized kaolinite is present. 
Kaolinite as a product of feldspar alteration formed after quartz 
overgrowths. Where kaolinite is present as a possible replacement of 
protomatrix, quartz overgrowths are poorly developed, and timing of the 
replacement cannot be determined relative to quartz overgrowths. 
Chlorite ~ i pore-filling, replacement and recrystallization 
product- The most volumetrically significant porosity-occluding cement 
in the studied thin sections is an iron-rich chlorite. Intergranular 
clay minerals in the Woodbine are a mixture of kaolinite and iron 
chlorite. Terminology describing the diagenesis of these minerals 
becomes confusing because the origin of the clay minerals themselves 
is unclear. Whenever compacted clay minerals of obvious detrital nature 
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were observed through the SEM they had a composition similar to that of 
kaolinite (Fig. 10). Clay minerals in the Woodbine which are uncompacted 
but lack an observable crystalline structure have a composition closer 
to that of an iron chlorite (Fig.11). Clay minerals with an obvious 
crystalline structure were observed to have a similar chlorite 
composition. 
Whether or not some of the uncompacted, uncrystallized chl ori te is 
detrital is unclear, but a large portion might have resulted from 
replacement of kao l inite. This replacement chlorite appears to be 
recrystal 1 i zing to a euhedral chl ori te of very similar composition ( 
Fe3.6MgAl 1.4( Al 1.4S i 2.6010 )(0H)s). Because kaolinite and chl ori te 
presently co-exist in the Woodbine, replacement and recrystallization 
are probably still occurring. Morad (1984) documented a similar reaction 
in immature arenites where iron and magnesium from biotite alteration 
are fixed by matrix clays during recrystallization to form an iron-rich 
chlorite. A source of iron from alteration of biotite not required in 
the Woodbine because early diagenetic reactions indicate that sediments 
were initially iron-rich. 
To supplement scanning-electron-microscope observations and EDX 
data, thermodynamic calculations were used to determine whether 
kaolinite or chlorite should be the stable phase in present waters (Fig. 
18). See Appendix E for discussion on calculation of thermodynamic 
data used to plot Figure 18. Plotted on Figure 18 are the stability 
fields for kaolinite and chlorite at 2soc and 600C, the approximate 
minimum and maximum temperatures measured in the Woodbine in the basin. 
The graph can then be used to test whether a particular water is in 
5£'.' 
FIG. 18 - Activity diagram for the reaction kaolinite= chlorite at 25°c 
and 60°c, the minimum and maximum temperatures measured in the Woodbine 
in the East Texas Basin, and 1 bar pressure. Activities calculated by 
WATEQF from data in Appendix Busing measured pH values of Woodbine 
waters. Data points 1-5 are from updip waters near the western basin 
margin, data points 6~13 are from waters from the deep, central portion 
of the basin. 
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equilibrium with one or the other of the minerals. Water chemistry 
analyses which plot above the equilibrium line are waters in which 
chlorite is the stable phase, while those which plot below the line 
represent waters in which kaolinite is the stable phase. Data points (1-
5) of updip waters near the western basin margin plot in the kaolinite 
stability field at 250c, whereas most data points (6-13) of waters in 
the deep, central portion of the basin plot in the iron-rich chlorite 
stability field at 60DC. 
From scanning-electron-microscope observations (Figs. 11 and 12) it 
appears that chlorite is presently precipitating, or is at least stable, 
in Woodbine waters in the deep, central portion of the basin. These 
observations plus the data presented on Figure 18 support the theory 
that detrital clays were originally kaolinite-rich and are still being 
replaced by and recrystallized to an iron-rich chlorite in the central 
portion of the basin. Evidence of replacement by and recrystallization 
to chlorite is shown in Figure 11, and chlorite as a pore-filling in 
Figure 12. 
From Figure 19 it appears that chlorite formation initiated prior to 
or contemporaneously with quartz-overgrowth formation. The reaction: 
1.4 kaolinite+ 3.6Fe+2 + Mg+2 + 6.2H20 = chlorite + 0.2H4Si04 + 
9.2H+, (3) 
shows that silica activity in solution increases as chlorite is 
formed. This provides a possible source of silica for quartz-overgrowth 
formation. From Figure 20 it is apparent that chlorite formation 
continued after the cessation of quartz-overgrowth formation. 
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Fig. 19 - SEM photograph of #1 Stockton (4504 ft) showing a quartz 
overgrowth (Qog) enveloping euhedral, vermicular chlorite (arrow). X 
5000. 
FI G. 20 - SEM photograph of #1 Stockton (4504 ft) showing euhedral 
chl ori te flakes growing on a quartz overgrowth(Qog). X 10,000 . 
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Pore-filling calcite cement- Pore-filling calcite cement formed 
after quartz-overgrowth cementation in clean sands without significant 
matrix (Figs. 21 and 22). This suggests that organic matter in the 
matrix has been anarobically fermented to produce carbon dioxide, which 
lowers local pH conditions. As pH values decrease calcite becomes less 
stable, and thus is less likely to precipitate. Because calcite and 
matrix are mutually exclusive in the Woodbine samples studied, textural 
relationships and relative time of formation of calcite and chlorite 
cannot be determined. 
The thin section from the Woodbine on the flank of the Oakwood Salt 
Dome (Oakwood, 5500 ft) contains more pore-filling calcite than any 
other thin section (10.6% of the rock by volume). The Woodbine is 
truncated by the Oakwood Dome (Giles, 1981), and is therefore in 
hydraulic contact with the dome. The dome has a well-developed cap rock 
of anhydrite, calcite, pyrite, and sulfur (Dutton and Kreitler, 1981) 
which extends down the dome flanks (Giles and Wood, 1981). The presence 
of calcite in the Woodbine near the dome may indicate that calcite in 
the cap rock has been dissolved and reprecipitated in the Woodbine, or 
that the Woodbine was cemented by calcite during cap-rock formation 
through diagenesi s of salt-dome-anhydrite by sulfate-reducing bacteria 
and oxidation of organic matter (Kreitler and Dutton, 1983). 
Pyrite is also present in the Oakwood thin section. Because little 
or no matrix is present, the pyrite does not appear to be a product of 
early diagenetic reactions. Pyrite in this thin section al so appears to 
be a product of interaction between the Woodbine and the cap rock. 
~8 
FIG. 21 - Photomicrograph of #1 Stockton (4504 ft) showing pore-filling 
calcite (2) after quartz-overgrowth formation (1). High power, crossed 
polarizers. 
Fig. 22 - Same field of view with plane-polarized light. 
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0 .0 4mrr 
0.0 4 mm 
5() 
0.04mm 
FIG 23 - Photomicrograph of # 1 South Chand1er (4855 -486 0 ft) showing 
pore - f i 11 1 n g bar i t e ( 2) a ft er quartz overgrow t { 1) format; on. Hi g h 
power , crossed polarizers. 
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Pore-filling barite cement- Barite cement also formed after quartz 
overgrowths in clean sands (Fig. 23). Barite was not observed in contact 
with pore-filling calcite, and the relative time of formation of the two 
phases cannot be determined. Timing of the barite cement also cannot be 
determined relative to chlorite formation. 
Barite is present in the Oakwood thin section. This suggests that 
sulfate activity in Woodbine waters near the Oakwood Salt Dome has been 
increased due to dissolution of cap rock sulfate minerals, or that 
bari te prec i pi ta ti on was comtemporaneous with cap-rock formation. ihe 
source of barium required for barite precipitation is unclear. Barite is 
cl so present in thin sections #1 South Chandler (4855-4860 ft) and #1 
~tockton (4504 ft). Because the Woodbine is not in direct contact with a 
salt dome near the points represented by the thin sections, cap rock 
rrinerals are ruled out as a source of sulfate. 
A schematic diagram representing the various late-stage diagenetic 
events is showm in Figure 24. 
Water Chemistry 
\..ater/Rock Interaction- Waters in the Woodbine Group in the East Texas 
B3.sin are predominantly Na-Cl type waters (Fig. 25). An isochloride map 
shows the distribution of salinities in the Woodbine in the basin (Fig. 
6). If the area of the cation trilinear diagram in which Woodbine waters 
plot is expanded (Fig. 26) a trend becomes apparent. As waters become 
more s a 1 i n e toward the central port i on of the bas i n , ca 1 c i um 
oncentrations increase relative to sodium. 
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FIG. 24 - Schematic diagram of relative time of formation of late 
Woodbine cements, with possible sources of ions and compounds and 
reaction paths. 
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~ 0 
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HC0:J 0 20 80 100 Cl 
FIG. 25 - Piper diagram of common ions in Woodbine water sa inpl 2s in t he 
East Texas Basin. Chemical constituents are plotted as percentages of 
total milliequivalents. Data points are schematic and represent more than 
one analysis . Data were derived from Appendix B. See Fig 26 for details 
of Ca-Na-Mg diagram. 
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FIG. 26 - Expanded portion of trilinear cation field of previous figure. 
Numbers are sample numbers from Fig. 2. Salinity increases from points 
2,3 to points 7,10. 
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FIG. 27 - Plot of Na+ (moles/1) versus c1- (moles / 1). The da.she1 line 
represents a 1:1 molar ratio between Na+ and c1-. Note that the data 
trend below the line, indicating a relative increase of c1- over Na+. 
Data from Appendix B. 
The linear regression line through the data points is: 
y = 0.8803x + 0.0390 ; r = 0.998 
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In the present study several other trends were observed in Woodbine 
water chemistry as salinity increases toward the basin center. The 
dashed line plotted on Figure 27 represents the 1:1 molar ratio of Na+ 
and c1- which would be expected if dissolution of halite were the only 
reaction controlling Na+ and c1- concentrations in Woodbine waters. Note 
that the data deviate fron the 1:1 line in the direction of relative 
enrichment of c1- over Na+. Such enrichment may occur either because 
excess Cl- is being added to the water, or because Na+ is being 
preferen ti a 11 y removed. 
ca+2 concentration is plotted against Cl- concentration on Figure 
28. There is a marked increase in the ca+2 concentration relative to Cl-
at approximately 1.3 moles/1 Cl-. 
Both the relative enrichment of Cl- over Na+ and the increase in 
ca+2 relative to Cl- may be explained by a 1:1 equivalent exchange of 
ca+2 for Na+ on clay minerals. Figure 29 examines the exchange process 
in more detail. Plotted on Figure 29 are equivalents of ca+2 and (Cl- -
Na+), which represents the excess Cl- over Na+. If a 1:1 equivalent 
exchange of ca+2 for Na+ is occurring, the data points should plot 
along the dashed 1:1 line. Note that all but three of the points fall 
below the line, suggesting that an additional factor is involved. 
Plotted on Figure 30 are equivalents of (ca+2 + Mg+2) and (Cl- -
Na+). Note that the addition of equivalents of Mg+2 to equivalents of 
ca+2 causes the data from Woodbine waters to plot very near the dashed 
1:1 line. This suggests that Mg+2 is also involved in the exchange for 
Na+. 
Kreitler et al. (in press) suggest two processes as possible 
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FIG. 28 - Plot of ca+2 (mol es/l) versus Cl - (mol es/1 ). Note the marked 
increase in slope at approximately 1.3 moles/1 c1-. Data from Appendix B. 
Line A (y = 0.0446x - 0.0121; r = 0.929); Line B (y = 0.0895x - 0.0893; 
r = 0.995) 
2.0r---------------------------------
-
...__ 
.. 
Ill 
0 
E 
N 
+ 
.. 
.16 
.12 
u 
N .08 
.04 
*a 
/ 
/ 
/ 
/ 
*s 
/ 
*11 /1/ 
/ 
/ 
/ 
/ 
/ 
/ 
/ 
o~:,.._ ___ ...__ ___ _._ ____ __.. ____ -..J1..- ____ .1..... ___ --J 
68 
0 .04 .08 .12 .16 .20 .24 
c1· · Na+ I moles / II 
FIG. 29 - Plot of ca+2 equivalents/1 (2Ca+2 moles / 1) versus excess c1 -
equivalents/l ((c1- - Na+) moles/1). The dashed line represents a 1:1 
equivalent ratio between ca+2 and excess c1-. Note that the data trend 
below the line, indicating that a 1:1 equivalent exchange of ca+2 for 
t·Ja+ does not entirely account for the excess c1- over Na+. Data from 
Appendix B. 
The linear regression through the data points is: 
y = 0.8684x + 0.0119; r = 0.928 
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FIG. 30 - Plot of (ca+2 + Mg+2) equivalents/l (2(Ca+2 + Mg-r2) moles / 1) 
versus excess c1- equivalent/1 ((c1- - Na+) moles / 1). The dashed line 
represents a 1:1 equivalent ratio between (ca+2 + Mg+2) and excess c1-. 
Note that the data trend close to the 1:1 line, indicating that a 1:1 
equivalent exchange of (Ca+ + Mg+2) for Na+ may account for the excess 
Cl - over Na+. Data from Appendix B. 
The linear regressiom line through the data points is: 
y = 0.8684x + 0.0119; r = 0.928 
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explanations for the apparent 1: 1 equivalent exchange of ca+2 for Na+. 
Albitization, as defined by Land and Prezbindowski (1981): 
plagioclase +halite+ water= Na-Ca-Cl brine+ albite, 
is considered to be the primary reaction responsible for the exchange in 
the East Texas Basin in waters from formations deeper than the Woodbine. 
The second process, considered to be less important, is by 2Na+ for ca+2 
exchange (i.e. a 1:1 equivalent exchange) on clay minerals. The paucity 
of either plagioclase feldspars or smectites in the Woodbine argues 
against these reactions as causing the observed changes in water 
chemistry. However, the presence of Na+ on EDX spectra of authigenic 
chlorite suggests that the exchange might have taken place if the 
precursor clay was rich in ca+2. 
The increase in ca+2 concentration relative to Cl- may also be 
explained by dissolution of CaS04-2 in salt dome cap rock, but this would 
not explain the decrease in Na+ concentration relative to Cl-, nor do 
high Ca+2 concentrations nesessarily correlate with high S04- 2 
concentrations (Appendix B). If the S04 has been reduced to H2S, then 
high H2s concentrations would be expected to correlate with high ca+
2 
concentrations. Such a correlation was not observed in Woodbine waters 
(Appendix B). 
Kreitler and Muehlberger (1981) reported the presence of high 
concentrations of Mg+2 in halite and sylvite from the Grand Saline salt 
dome in the East Texas Basin. The dissolution of these minerals, pl us 
the dissolution of cap-rock anhydrite and subsequent reduction of 
aqueous sulfate to sulfide, could explain the increase of ca+2, Mg+2 and 
Cl- concentrations relative to Na+. 
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A1ut hi geni c-Mi neral-Stabi l ity Pre diction by WATEQF-Based on petrographic 
rune scanning-electron-microscope examination of Woodbine sandstones, 
stable authigenic minerals in the deep, central portion of the East 
Te xas Basin appear to be: silica, Fe-Mg chlorite, siderite, calcite, 
he matite, pyrite, and barite. Appendix C shows the saturation states of 
authigenic minerals as calculated by WATEQF under three pH conditions: 
1) measured pH, 2) measured pH minus 1 unit, and 3) measured pH minus 2 
un ts. Values of pH were reduced in an attempt to compensate for pH 
increases caused by CO2 out-gassing during sampling. Samples 6 to 13 
(Appendix C) are waters in contact with Woodbine sediments represented 
in part by thin sections point-counted as part of this study. 
If measured pH values are used by WATEQF to calculate mineral 
saturation indicies (S.I. = log(IAP/Ksp)), values greater than zero 
(su persaturated) are obtained for all authigenic minerals in samples 6-
13 except for si deri te in sample 8. Sample 8 was taken from a wel 1 near 
the #1 Cl ark well at approximately the same depth as the thin sections 
from the #1 Clark well. Authigenic siderite is present in all point-
counted thin sections from the #1 Clark well. A yellow-orange 
pre cipitate was observed in some water samples as they were transported 
from the field to the Mineral Studies Lab for analysis. If iron 
compounds precipitated from sample waters, the possible decrease in 
measured iron concentration could cause the apparent undersaturation 
with respect to siderite. However, hematite supersaturation remains high 
in sample 8. Measured pH could be in error in this sample. 
If pH is reduced by 1 unit before it is entered into WATEQF, 
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calculated saturation states of carbonate minerals and Mg-chlorite drop 
below saturation in some samples. If pH is reduced by 2 units, Woodbine 
waters approach or reach undersaturation with respect to all authigenic 
phases except barite, silica, hematite and pyrite. 
As previously discussed, thermodynamic considerations and 
petrographic and scanning-electron-microscope observations indicate that 
chlorite is the stable phase relative to kaolinite in Woodbine waters in 
the deep basin. In the expression for the equilibrium constant for the 
reactio n between chl ori te and kaolinite, pH values are raised to the 
9.2 power (see Appendix E). This makes stability between the two 
minerals very sensitive to changes in pH. Reducing pH values by less 
than one unit causes all data points on Figure 18 to shift into the 
kaolinite stability field. 
Based on the above data and petrographic observations, measured pH 
values seem to more accurately represent~ situ pH in Woodbine waters, 
and WATEQF gives a fairly accurate representation of individual mineral 
stability using measured pH values. 
WATEQF uses dissociation reactions to calculate saturation states of 
minerals. As indicated in Appendix C, WATEQF calculates Woodbine waters 
in the deep basin to be supersaturated with respect to both chlorite 
and kaolinite, although calculated saturation indices of chlorite are 
at least four orders of magnitude greater than those calculated for 
kaolinite at measured pH values. If WATEQF calculates that a solution is 
supersaturated with respect to two minerals, and those two minerals 
might potentially interact in the fluid, then thermodynamic calculations 
based on reactions between the minerals must be utilized to determine 
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which is the stable phase. Such an approach was described for the 
reaction between kaolinite and Fe-Mg chlorite in the derivation of 
Figure 18. 
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SUMMARY AND CONCLUSIONS 
All phases of diagenesis of the Woodbine in the East Texas Basin 
were controlled largely by the occurrence of organic-rich matrix. 
Diagenesis was both inhibited and enhanced by matrix material, which 
restricted pore-water movement but al so provided a supply of ions for 
reaction. Figure 31 is a schematic su11111ary of diagenetic events. 
Early diagenesi s was largely a product of the interaction between 
sulfate in waters in the depositional environment, organic-matter-
consuming bacteria and iron within Woodbine sediments. Sulfate-reducing 
bac teria produced sulfide which reacted with iron in the matrix to 
produce pyrite. Afte r the sulfate influx was shut off with burial the 
bi carbonat e activity controlled the reaction path, and sider"ite and Fe-
cal cite precipitated. 
The nature of occurrence of matrix material controlled the 
distribution of early diagenetic minerals. Patches of matrix caused 
pyrite-siderite-Fe-calcite nodules to form, while disseminated matrix 
caused disseminated early cements to form. 
Late diagenetic reactions were partially controlled by the 
occurrence of matrix material. Matrix supplied the components and 
reaction sites for the most important porosity-occluding diagenetic 
reaction: 
matrix kaolinite .. Fe-Mg chlorite 
Through compaction, and as a product of the above reaction, matrix 
material provided a supply of silica for quartz-overgrowth cementa ti on 
of clean sands. However, the presence of matrix physically inhibited the 
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development of quartz overgrowths. 
Based on petrographic examination of one thin section from the 
Woodbine in direct hydraulic communication with a salt dome (Oakwood, 
5500 ft), it appears that salt-dome cap rock has been dissolved and 
locally reprecipitated. The resulting cements (calcite, barite, and 
pyrite) appear to be volumetrically insignificant. 
The low primary porosity values and lack of significant secondary-
porosity development in Woodbine sandstones examined in this study 
suggest that permeability is controlled by structurally induced 
fracturing. The fact that most oil production in the East Texas Basin 
o c c u r s n e a r s a 1 t s tr u c t u re s a n d fa u 1 t s .( Kr e i t 1 e r e t a 1 . , i n p re s s ) 
supports this conclusion. 
Woodbine waters in the East Texas Basin have been shut off from 
Woodbine waters outside the basin northwest of the Mexia-Talco fault 
system. Woodbine waters in the basin have evolved separately from those 
outside the basin in response to salt-dome dissolution within the basin. 
Water/rock interaction has been minimal, but an evolutionary trend from 
a Na-Cl brine toward a Na-Ca(Mg)-Cl brine has begun in Woodbine waters 
in the deep, central portion of the basin. 
Exchange of Na+ for ca+2 on clay minerals and albitization of 
pl agiocl ase feldspars could explain the concurrent decrease in 
di ssol ved-sodi um concentrations and increase in calcium concentrati ens 
in Woodbine waters. However, neither reaction has been confirmed in this 
study. The increase in calcium, magnesium, and chloride concentrations 
relative to sodium concentrations could be the result of the 
dissolution of anhydrite and magnesium-rich chlorides in salt domes. 
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WATEQF output appears to accurately represent~ situ individual 
mineral-saturation states in Woodbine waters at the pH values measured. 
However, to get an accurate picture of relative mineral stability 
between mineral pairs, individual mineral pairs must be tested 
thermodynamically. 
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Appendix ~ Mineral Iden ti fi cation by X-Ray Diffraction. 
Non-clay minerals are listed in order of decreasing abundance based 
on relative peak heights. The major clay mineral, based on relative 
peak height, is underlined . 
WELL NAME AND DEPTH (Ft.) 
OC- J (outc rop ) 
OC-4 (o utcrop ) 
OC-4 0ll (ou tcrop ) 
Oa.k wood Dome 
(5500) 
Sun #1 Boyl in g 
(4650) 
#1 Sou t h Chandler 
(4845 -4850 ) 
#1 South Chandler 
(4855 - 4860) 
#1 South Chandler 
( 48 60 -4865 ) 
#1 South Chandler 
( 488 0) 
#1 South Chandler 
(4885) 
#1 Stockton 
(4)80-~449) 
#1 Stockton 
(4465 -44 84) 
#1 Stockton 
(4504) 
#1 Humble 
(50)8 .5-504 7) 
#1 Humble 
(5047 -5 050) 
#1 Humble 
(505 1. 5 - 5055, l) 
#1 Humble 
(5057 - 5068) 
#1 Cla rk 
()255) 
#1 Cla rk 
(J26J ) 
#1 Clark 
()278) 
#1 Cla rk 
(J285) 
#1 Clark 
(JJOO) 
#1 Clark 
(JJ04) 
MINERALOGY· 
Quartz, Chlorite,Illite 
Quartz,Chlorite 
Qua r tz, Kaolinite, Chlorite , lllite 
Quartz, K-F eldspar, Calcite, Chlcrite , 
Kaolinite 
Quartz , Calc ite, Kaolinite , Illite, 
Chlorite 
Quartz, Siderite, Pyrite, Kao linite, 
Chlorite. Illite 
Quartz , Calcite, }'~a olini te, Chlorite , 
Illite 
Quartz , Y.aolinit.e , Ch lorite 
Quartz, Kao linite, Illite, Chlorite 
Quartz, Kaolinite , Illite, Chlorite 
Quartz, K-Feldspar , Co.lcite , Kaolinite . . 
Illite, C/Jlorite 
Quartz , K-Feld .. spar, K.:'i.olinite , 
Chlorite , Illite 
Quartz , Calcite , Kaolinite, Chlorite, 
Illite 
Quartz , Kaolinite , Chlo r ite , Illite , 
Smectite 
Quartz , Kaolinite , Chlorite , Illite, 
Smectite 
Quartz, Kaolinite, Chlorite, Illite , 
Smectite 
Quartz , K- Feldspar , Kaolir,ite, 
Chlorite, Illite , Smectite 
Quartz , Fluorapatite, Kaolinite , 
Chlorite 
Quartz, Fluorapatite, Kaolinite , 
Chlo rit e 
Quartz , Hematite, Kaolinite , Illite, 
Chlorite 
Quartz, Hematite, Kaolinite , Illite, 
Chlorite 
Qua rtz, Hema tite , Kaolinite, Chlori te, 
Illite 
Quartz , Hema tite , Kaolini t,,. , Chlori te, 
Illit e 
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Appendix B. Water Chemistry Data . 
Uater chemistry data are from wells listed in Table 1 and located on 
Figure 2. Al 1 concentrations are 1 i sted as mg/Las reported by the 
Mineral Studies Lab, Bureau of Economic Geology, Univ. of Texas at 
Austin. 
Sample Temp. 
llo. DENS. tJa K Ca Mg Cl so4 HC03 Br Al Fe Si02 (Co) pH 
* 1 1. 0208 12,270 44 570 142 20,300 6 263 124 19 0.236 0.041 22.2 40 7.8 
* 2 1.0062 5,825 22 94 29 8,2RO 6 350 39 7 0.246 0.047 24.8 45 8.3 
* 3 1. 0056 5,070 26 86.6 28 7,700 55 340 38 5 0.1 0.04 30 42 7.9 
* 4 1.0179 11,200 41 220 70 17,900 58 300 25 12 0.2 0.04 24 46 8.3 
* 5 1.0556 29,600 70 1,200 210 48,500 120 160 64 31 0.2 0.22 24 51 7.7 
* 6 1.068 4 35,600 88 2,300 280 58,900 110 180 90 34 0.2 6.4 28 68 7.5 
* 7 1. 0708 35,100 112 3,400 530 61,200 90 120 150 24 0.2 102 27 51 7 .1 
* 8 1. 0480 25,100 110 l, 160 290 43, l 00 60 120 250 27 0.2 0.38 24 37 7.6 
* 9 1.0661 32,500 170 2,700 460 58,100 73 98 280 37 0.2 11 35 57 7.0 
* 10 1. 0717 35,500 169 3,190 543 62, 100 110 160 150 38 0.2 8.6 18 54 7. l 
* 11 1.075 38,300 122 3,070 500 64,000 130 170 150 40 0.1 17 15 44 7.2 
* 12 l. 0561 29,400 76 1,400 210 49,300 270 230 83 35 0.1 17 20 50 7.6 
*1 3 1.0687 35,200 99 2,300 290 59,500 250 170 120 33 0.2 2.7 26 55 7.6 
• 1 21,700 1,300 64 35,500 372 183 
• 2 13,000 370 96 20,700 0 500 
• 3 30,586 2,500 430 52,500 69 500 
• 4 36, 470 4,100 670 65,200 109 281 
• 5 35,355 3,679 642 62,628 149 26P. 
• 6 25,900 1,600 230 43,000 231 634 
• 7 35,700 3,100 500 G2,000 5 110 
co 
----.J 
Sample 
No. 112s Sr Ba Tl Cu 
* 
l <1 115 58.6 0.052 <0.01 
* 
2 <l 17 24 0.059 <0.02 
* 3 <l 15 8.8 <0.03 <0.01 
* 
4 <l 54 6.8 <0.05 <0.02 
* 
5 <l 300 2.5 <0.05 <0.02 
* 
6 <l 510 5.0 <0.05 <0.02 
* 
7 <l 510 5.8 <0.05 1.6 
* 
B <l 280 4.3 <0.05 <0.02 
* 
9 <l 660 8.8 <0.05 <0.02 
•10 <l 620 4.3 <0.05 <0.02 
* 11 <0.1 550 3.6 <0.03 <0.01 
* 12 <l 340 1.7 <0.05 <0.02 
* 13 <l 430 2.6 <0.05 <0.02 
Mn Zn Li 
0.479 0.029 1.0 
0.083 0.017 0.415 
0.06 <0.01 0.56 
0.08 <0.02 1.0 
0. 39 <0.02 2.4 
1.1 <0.02 3.9 
3.9 3.4 
0.77 <0.02 2.1 
2.0 <0.02 5.5 
1.8 3.7 
2.3 2.5 
0. 74 <0.02 2.6 
14 <0.02 3.4 
F B 
0.6 21. 3 
1.5 18.5 
l.O 23 
1.2 23 
0.9 19 
1.0 19 
1. 3 30 
0.7 18 
0. 7 29 
0.8 34 
0.6 21 
1.1 21 
1.0 20 
a 211 
-JJ 
-40 
-29 
-29 
-29 
-29 
-32 
-32 
-30 
-30 
-31 
-22 
-29 
s18o 
-2.30 
-4 .15 
-3.70 
-2.03 
0.29 
0.78 
-1. 57 
1.30 
1.16 
0.87 
0.00 
-0.56 
0.17 
OJ 
OJ 
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Appendix C. Saturation Indices Calculated by WATEQF. 
WATEQF output of mineral saturation indices of Woodbine waters. 
Saturation indices were calculated at the measured pH (pH), measured 
pH- 1 pH value (pH - 1), and measured pH - 2 pH values (pH -
2).Samples are listed in table 1 and located on Figure 2. Input 
water chemistry data are listed in Appendix B. 
AUTHIGENIC MINERALS 
SAMPLE HPmatite KaolinitP Py ri tp 
pH pH-1 pH-2 pH pH-1 pH-2 pH pH-1 
* 1 3.619 -0.069 -3.657 2.557 4.278 2.230 6.144 6.090 
* 2 5.961 2.301 l. 346 0.952 2. 991 2.788 5.799 5.971 
* 3 4.405 0.717 1.091 1.498 3.338 2.833 6.260 6 .252 
* 4 6 .071 2.413 l. 239 0.739 2. 787 2.910 5.876 6.059 
* 5 6.411 2.754 -0.8)1 2.044 3.791 0.891 7.063 7.026 
* 
6 10.031 6.449 2.884 1.180 2.905 -0.39 7.900 7.829 
* 7 9.991 6.371 2.840 3.645 3.0f13 -2.47 10. llQ 9.604 
* 8 5.272 1.600 -1. 963 3.624 4.812 l. 209 7. 934 7.338 
* 9 7.924 4. 311 0.784 ).361 3.230 -1.616 8.676 8.111 
* 10 8.087 4.469 0. 937 3.009 3.127 -1.698 8.917 8.423 
* 11 A.441 5.172 1.281 3. 141 3.483 -1. 601 9.859 9.471 
* 12 9.853 6 .194 2.620 1.604 3.112 - 1.090 9 .126 9.018 
* 13 8.917 5.286 1. 713 2. 167 3.825 0.432 8. 307 8.231 
Quartz 
pH-2 pH pH--1 pH-2 
5.220 0.438 0.448 0.448 
5.559 0.337 0.368 0.372 
6.031 0.480 0.492 0.501 
5.680 0.349 0.384 0.388 
6.158 0.463 0.474 0. 4 75 
6.874 0.300 0.392 0. 394 
8 . 334 0.599 0 .602 0.602 
6.694 0.628 0.633 0.634 
6.819 0.611 0.614 0. 614 
7.163 0.387 0.390 0.390 
8. 129 0.454 0.457 0.457 
8.061 0.403 0.411 0.412 
7.297 0.508 0.518 0.519 
Siderite 
pH pH-1 pH-2 
-0.9RO -1. 96 -3.30 
-0.225 -1 .10 -2.28 
-1. 620 -1 .66 -3.61 
-0.480 -1.28 -2.42 
-0.283 -1.09 -2.37 
1.162 0.55 -0. 74 
1.866 0.94 -0.55 
-0.443 -1. 41 -2. 77 
0. 781 -0.23 -1. 79 
0.955 0.04 -1.45 
1.282 0 .495 -1.06 
1.683 0.830 -0.490 
0.771 0.108 -1.128 
\.0 
0 
AUTHIGENIC MINERALS 
SAMPLE Adularia !Jarite CalcitP Mg-ChloritP 
pit pH-l pH-2 pit pH-l pH-2 pH pH-1 pH-2 pH pH-l pH-2 
* 
1 l.142 l .02 l -l.002 0.695 0.965 0.695 l.021 O.fJ36 -l.299 8.485 0. l q2 -l l.842 
* 
2 0.435 0.518 -0. 577 0.461 0.460 0.460 l.013 0.112 -l.060 9.611 l.702 -8.477 
* 
3 0.630 0.573 -0.251 1.051 1.050 l .050 0.334 -0.40 -l. 965 5.622 -2.525 -6.533 
* 
4 0.607 0. 702 -0.230 0.689 0.689 0.689 l.135 0.308 -0.835 l l. 288 3.378 -6.484 
* 
5 l.168 l .064 -l.384 0.587 0.587 0.587 0.964 0.116 -l.161 10.43'1 2 .190 -lO. 702 
* 
6 0.674 0.561 -2.802 0. 730 0. 730 0.730 l.021 0.353 -0.940 ll.430 3 .164 -10.120 
* 
7 l.850 0.575 -3.200 0.961 0.961 0. 961 0.653 -0.28 -1. 774 8.564 -2.031 -17.559 
* 
8 2.201 1. 805 -0. 995 0.679 0.678 0.678 0.677 -0.29 -1. 652 8.825 0.020 -13.578 
* 
9 1.885 0.825 -2.597 0.906 0.906 0.906 0.478 -0.54 -2 .105 7.986 -2.104 -16.987 
* 10 1.324 0.390 -3. 022 0.883 0.883 0.883 0.769 -0.16 -l.642 8.337 -l.541 -16.361 
* 11 1.360 0.636 -3.005 1.075 1.075 l.075 0.797 0.003 -1.552 7.431 -1.225 -17.302 
* 12 0.751 0.522 -2. 577 0. 791 0. 791 0.791 1.082 0.214 -1.106 8. 734 0.248 -13.944 
* 13 1.425 1. 274 -1.420 0.991 0.991 0.991 1.024 0.330 -0.907 ll.332 2.997 -l0.389 
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Appendix D. Petrographic Data. 
Summaries of detailed mineralogies, and textural and statistical 
parameters of point-counted and visually estimated thin sections 
precede individual data sheets. 
Percentages of matrix and authigenic clays are approximate, based on 
observations through a petrographic microscope. 
Cumulative-frequency plots have been corrected to account for 
estimated weight percent matrix (lower curve). 
Where matrix comprises greater than 5% of the rock by volume only 
the graphic mean and median grain size can be calculated. 
COMPOSITION AND PJ"OSITY OF POINT-COUNTED THIN SECTIONS , ., 
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( 5057-5068) 78. I 19.3 51 7 .8 3. 6 11. 5 - - 2.6 4.2 TR TR - TR - - 59.6 TR TR TR TR l - TR 
~.ll nata From Point-counte<1 Thin Sections. TR Trace 
CEMENT 
(PERCENT OF ROCK ) 
w 
Cl w 
~ !:: w w w !:: t-!:: 0 z ~ ::; a: u z: 0 w 
-' 0 0 -' Cl 
c( a: ;;:; ::r: -u 
-
u V) 
- 2 1 3 -
- 8 - 4 -
3 TR TR 1.5 3.5 
2 l!!_ 
.L 6 TR 
1 TR 1 3 1 
10.6 TR TR 1 -
TR 1 1 3.5 -
TR 1 3.4 10 12.2 
2 TR 3 5.7 TR 
8 TR 2 3 10.4 
0.6 TR 5.7 10 2 
TR 2 TR 4 . 4 -
l.8 TR TR 4.2 5.3 
- TR 17 10 -
w 
t-
c( 
::r: w 
c.. !:: V) 
0 a: 
::r: c( 
c.. a, 
- -
- -
- -
- -
- -
- TR 
- -
- -
TR TR 
- -
- -
- -
- TR 
- -
PJRvSITY 
t-
z ,_ 
w a: "" u Wu 
a: o..a 
w 
- a: 
c..-
->< >- ..,_ 
u 
~o >-Cl 
a: a: Cl t-
c( Z::,-
:C:u. o...., 
-a !:;::u a: 
c.. V) 
21.8 -
21. 5 -
4.6 TR 
8.7 TR 
4.3 TR 
8 TR 
0.5 -
TR TR 
4.2 TR 
20 -
TR TR 
7.4 TR 
18. 5 TR 
12.4 60 
\.0 
w 
THIN SECTION 
\~ell Nc1.11e & 
Dc}?ll1 (feet) 
OC-3 (Outcrcp) 
OC-4 (Oulcrnp) 
# 1 Cl.:u :k (3255) 
~ 1 Clark (3263) 
1:1 Cl,1rk (3304) 
U.ih-wcx.tl Uo11e 
(5500) 
# 1 Sun 13oyling 
(4650) 
tt1 S. Chandler 
(4845-4850) 
#1 S. Chandler 
(4855-GO) 
# 1 s. Cli,:muler 
(•1885) 
"1 St0-:kto11 ( 4.JG5-U4) 
H l Sto..:kt.on 
(4504) 
# 1 lllU1tlJle 
(5057-GO) 
QUARTZ TYPE, GRAIN ROUNDNESS ANO SHAPE, ANO STATISTICAL 
ANO CLASSIFICATION PARAMETERS OF POINT-COUNTED TH!N SECTIONS 
Qu.:ir tz Type Grai11 Row1dncss G, i1il1 Shape Stalislical 
(% Of ljUill" t:l (l of <Jr<1l11s) (2' of <Jrail,s) Pc:t.ruJ1clcrs (Folk, 
yr a ins) 1974; Fr ie<l!1illl, 
19'.iO) 
-
C 
fl 0 
q) ·rl 0 ~ (1J j -~i § ., -~ -~ 
..... ~ > l/) > ..., .......... QI r:: ;'I fl '@ ~ 0 -~& Cl Qj fa1 µ~ µ .-i µ l/) l/) 1 ~ ,u - 'O l/) ;:! ~ >, >, ~] ! ~[ ~ ~s :3 H 'tl t:ltl µ .! i 1:1 1 si i> ~~ ;:! ~ .:'.,'~ -~ & E-r:: oJ1-< :cl 0 C o- ~ (!. -'< z :) p., ::a; l/) l/) l/) in ;::: V) l/) 
23 71 G 2G 45.3 24.5 4.2 27 50.9 14. 1 3.03 1. 11 0.07 
11 84 .o 4.2 17 40.5 32.5 10 17 5G 27 2.G5 1.02 0.25 
19 76.4 4.6 6 39.5 39.5 15 13.5 G5 21.5 
- - -
28.7 G0.5 10.8 18 42 27 13 15 53.5 31.5 2.46 1.97 0.05 
29.5 64.2 G.3 14.5 44.5 34.5 G.5 19.5 ~s 25.5 
- - -
18.4 77.2 4.4 19.5 40 31 9.5 20.5 G3.5 16 3.52 1.22 0.03 
35.2 60.9 3.0 15.5 40 32.5 12 20.5 50.5 29 
- - -
23.3 72. 7 4 7.5 38.5 40.5 13.5 8 70.5 21.5 3.07 - -
17.3 76.1 G.G 23.5 4G 22.5 8 15 GS 20 3.03 
- -
23.9 6G.4 9.7 10 47 29 14 14 55 31 2.29 
- -
26.3 GG.2 7 .'.i 17 3'.i 34 14 21 ~o.~ 28.'.i "/..'/9 
- -
19.3 7G.7 4 23.2 44.0 2G G 23.2 GJ.3 13 2.5G 1.04 o. 14 
2•1. 7 G'.i.3 10 15 ss.s 2].] G.l 15. l SU.9 2G 1.UG O.Jll -2.15 
-~ 
~,., 
., :,,; 
~-
:,,; 
0.82 
0.88 
-
1.03 
-
1. 21 
-
-
-
-
-
0.94 
O.'JJ 
All Data From Point-Counted Thin Sections TR= Trace 
Clilssif icc1tion 
l'arc1.11iclers 
(Folk, 1974) 
:'.I 
fil (j, 
~. 
,u 
l:! ti ~ l -~ 8 QJ 
"' 
0:: 
95.3 2 2.7 
95.5 2.5 2 
93 5 2 
83.5 8.5 8 
94 4 2 
9G 3.0 1 
89.5 6 4.5 
88 8.5 3.5 
98 0.5 1.5 
86.5 9.0 4.5 
93 4.5 2.5 
95. 1 1 3.9 
78. 1 11. 1 1 o. '1 
COMPOSITION, POROSITY AND GRAIN SIZE OF VISUALLY ESTIMATED THIN SECTIONS 
IHlN SECTION COMPOS IT ION GRAIN SIZE (ll111} 
GRAINS (PERCENT OF GRAINS) GRAINS MATRIX CEMENT POROSITY 
FRAMEWORK ACCESSORY (PERCENT (PERCENT OF ROCK} 
OF ROCK} 
:c 
-
>- >-:c 3 
- -
z 
"" "" "" 
>- 0 
"" "" 
w w u u u 3 a:: u u u 
-
z 0 0 a:: 0 a:: 0 t!) 0 0 a:: D >-
-
a:: a:: w a:: V) w a:: a:: a:: a:: w zw __, >- __, ~ t!) w Q_ c( w w __, w u V) >- V) >- LL c( a:: > LL LL LL V) c( w V) w _ ,_ a::>- w w c( 0 a:: w c( w 0 w 0 0 
----
w - 0 >- V) c( z :c z c( z z 0 ::,: w w D ::,: > C) w w >-::,: __, w V) c( __, 
-
Q_ w >-c..J 
- -
>- >- z ~ 0 a:: ·- w >- w >- >- a:: >- >-c( :c ::::, V) >- ...J u __, a::::,: z::£ __, >< u w z i: u c( w >< >- - 1-- c( >- z c( z V) z: >- N D 0 a:: u 0 u ~~ Wt!:> c( 0 - > t; z w N 0 - N Q_ w >- 0 - z ;:;; :c w a::w ow w z Q_ >- z __, u >- 0 0 ::,: <{ ::,: z 0 0 u >- z >- V) >-
-
a:: 
-
Q_ >- c( u zu V) <( __,W a:: ::::, ::::, >- a:: :c '-" a:: c( a:: -a:: a:: z c( u >- u a:: a:: >- z c( a:: Cl ;:;; u z 0 __, w V'l - :,:a:: 00:: a:: 
-
_JC) c( z D __, w >- c( u >- LL OLL ::::, 0 t!) V) 0 a:: w c( c( 0 '-" c( __, __, 0 __, 0 a 0 a:: -w uw c( 0 w ::::, 0 z 0 :c a:: __, 
-
w w 0 a:: a:: ::::, 
- -
Q_ ::::, __, a:: a:: ::::, w >- c( a:: :c ~ ~ :c c( a:: Q_ w Q_ 0 w 3 0 z ::::, Q_ u 0 Q_ ::,: :E V'l >- - 0 :E a:, N - C u - 0 0 LL Q_ u 
-
u Q_ a:, Q_ - v,- u :E 
# I CLARK 
( 3277) 92 22 65 5 TR TR - - l TR TR l 5 l TR TR 12 25 48 5 TR 
- - l l 2 4 2 TR - - TR - 0.14 0.02 # l CLARK 
( 3278) 91 21 65 5 TR TR - - l l TR l 5 l TR TR 10 30 47 2 TR - - l fTR 3 5 2 - - - TR - 0 .24 0.02 # I CLARK 
132851 89 20 66 3 TR TR - - l l TR 2 5 l l TR 18 20 30 10 TR - - 1 rm 8 10 3 - - - TR - 0.24 0.02 #1 CLARK 
I 3288) 93 20 70 3 l TR 
- - l 2 1 2 TR TR TR TR 20 15 30 2 TR - - l rTR 7 12 3 - - - TR - 0.24 0.03 #1 CLARK 
- ITR (3299) 94 14 75 5 2 TR - - TR 2 TR TR 2 TR TR TR 25 15 35 2 TR - - 5 13 5 - - - TR - 0.35 0.05 #1 CLARK 
(3300) 95 15 75 5 3 TR - - TR 2 TR TR TR TR TR TR 25 25 30 2 TR 
- - TR - 1 12 5 - - - TR - 0.30 0.04 
# I CLARK 
(3303) 95 20 70 5 3 TR 
- - TR 2 TR TR TR TR TR TR 30 30 25 2 TR - - TR - 2 9 2 - - - TR - 0.35 0.05 #1 SOUTH CHANDLER 
(4860-48651 92 20 70 2 TR TR - - 2 TR TR 2 2 TR 2 TR 30 20 27 3 TR - - 1 - 5 9 5 - - - TR - 0. 16 0.02 #1 STOCKTON 
(4380-44491 92 18 69 5 2 4 TR TR 2 TR TR TR - TR - - 50 10 25 5 TR 0.5 - O. ! 9 TR TR 1 - - - TR TR 0. 25 0 . 10 #1 HUMBLE 
(5038.5-5047) 87 18 66 3 2 6 TR - l TR TR TR - 4 - - 50 15 10 TR TR TR - TR l - 15 9 - - - TR TR 0. 10 0.03 #1 HUMBLE 
(5047-5050) 86 16 66 5 4 8 TR 
- l TR TR TR - l - - 50 12 15 1 TR TR - TR - l 15 7 - - - TR TR 0.12 0.03 #1 HUMBLE 
(5051.5-5055.5) 80 15 60 5 4 7 TR 
- TR TR l 2 - 6 TR - 50 20 15 2 TR TR - 5 - TR 5 3 - - - TR TR 0.16 0.03 
All ~ata rrom Visually Estimat ed Thin Scct 1nns. TR Trace 
96 
THIN SECTION: OC-3 (outcrop) 
l{ock Name 
Very fine-grained, poorly sorted, submature, chlorite- and iron 
oxide- cement e d, met a morphic- :ind sedimentary-rock-fragment-
be3rin g qu ::.irtz3renite. 
Po rosity 
2] , 8%, all of which is primary, 
S l3 tis tics 
Graphic m~3n (M2 ): 3.03 0, 0.12 mm - very fine-grained. 
Me dian gr a in size: 3.00 0, 0 .13 mm - very fine-gr~ined, 
In cl usiv e graphic stand a rd deviation (0 1 ): 1.11 0, very poorly sorted. 
In c lusiv e g c:ipl,ic skewn e ss (SK 1 ): -+LJ.07, n c<.1r-symmetric1l. 
Gr a phic kurtosis (Kc): +0.8 2 , platykurtic. 
P~r a generic Sequen c e 
1. formation of chlori te rims 
'2. comp ac tion 
j , f e ldsp3r leachin g (minor) 
4. syntaxial qu :Htz overgrowths (minor) 
5. pore-filling iron oxide/ch l orite cement 
.... 
z 
30 
~ 20 
a: 
w 
Q. 
.... 
:i: 10 
(!) 
w 
~ 
PHI SCALE 
-4 -3 -2 -I 0 +I +2 +3 +4 +5 +6 + 7 +8 
1---.__----i _ _..._.....,._---1,._-4-_-+,--+---'-- ...... -...;...-+ 99.99 
THI~ SECTIO K: OC- 3 
(Ou tcr op) 
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16 8 4 2 .5 .25 .125 .062 .031 .016 .008 mm (approx .) 
Gravel . cse cse. med. fine v. f . cse . med. fine v. f . Sand Si It 
MODIFIED WENTWORTH SCALE 
97 
98 
THIN SECTION: OC-4 (outcrop) 
Rock Name 
Fine-grained, poorly sorted, subm.:1ture, iron oxide-, chlorit e -, and 
qu::,rtz-overgrowth-cemented, cberl - and m·~ta morphic-rocl<-f ragment -
bearing quartzareni t c . 
Po rosi t y 
21. 5 % , a 11 of whi ch is prim ary • 
Statistics 
Graphic mean (Mz): 2.65 0, 0.16 mm - fine-grained. 
Median grain size: 2.61 0, 0.17 mm - fine-grained. 
lncluslve graphic standard devi3tion (~ 1 ): 1.02 0, poorly-sorted. 
Inclusive graphic sk e wness (SK 1 ): +0.25 , strongly fine-skewed. 
Graphic kurtosis (Kc): +O.bS, platykurtic 
Pa c,gene tic Se quence 
1. for r:ia tion of cblori tc rims (minor) 
2. c omp:: c tion 
3 . feldsp~r l eac hin g (minor) 
4. syntaxial qu ,1rtz ov e r grow ths 
5 . por ~ -fillin g iron oxi de with minor admixed chlor ite 
30 
... 
~ 20 
u 
a: 
w 
Q. 
... 
l: 10 
c., 
w 
3: 
PHI SCALE 
-4 -3 -2 -I 0 +I +2 +3 +4 +5 +6 + 7 +8 
t--------------+---+---+----------,..--~ 99 .99 
Tl-:L, SECTI01'J : OC- 4 
(Ou tcrop ) 
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o-+---+---.-----+---,---t----P---t----t----i----,----+ , 0 .0 I 
16 8 4 2 .5 .25 .125 .062 031 .016 .008 mm (approx.) 
Grave I . cse cse . med.fine 11. f . cse . med. fine 11. f . 
Sand Si It 
MODIFIED WENTWORTH SCALE 
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THIN SECTION: OAKwOOD DOME (5500 ft) ( dl) 
Rock Name 
Very fine-gr 3 ined, 
overgrow th-, clilori te-, 
qu a rtzarenite. 
poorly sorted, submature, calcite-, quartz -
:Jnd pyrite-cemented, chert-bearing 
Porosity 
8%, 311 but a tr a ce of which is primary. 
SW tis tics 
Graphic mean (Mz): J .52 0, 0 . 09 mm - very fine- gra ined. 
Medi.rn grnin size: 3.50 '/J, 0.09 mm - very fine-gr :1i ned. 
I nclusive gr::iphic stand a rd oeviation (0 1 ): 1.22 r/J, poorly-sort ed. 
Inclusive gr~phic skewn es s (SK 1J: +0.03, nc d r-symrnetric 3l 
Graphi c kurtosis (Kc): +l.21, leptokurtic. 
P~ r1 ge n et ic Sequ e nc e 
l. form 3 tion of chlorite rims ( minor) 
2. cornpac tion 
3 . f el dspar leaching (minor) 
4. synuixiaJ qu :: rtz ov e r g rowths 
5. bolinite cem e nt (minor) 
6. chlorite cem e nt 
7. pore-fillin g pyrit e cement 
8 . por e -filliL g calcite c e ment 
'J. pore-filling b,uite cement (minor) 
... 
z 
30 
~ 20 
a: 
w 
Q. 
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J: 10 
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w 
~ 
PHI SCALE 
-4 -3 -2 -I 0 +I +2 +3 +4 +5 +6 + 7 +8 1-------------+--+--+--..,__..,__~-~ 99. 99 
T!-iI:\ SECTIO: , : Oak wood 
Dom e 
(5 5 00 ft) 
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0-+-----+----+--...--+---,..---+---+----+---.----~. 0 . 0 I 
16 8 4 2 .5 .25 .125 .062 .031 .016 .00 8 mm (approx .) 
Gravel . cse cse . med. fine v. t. cse. med. fine v.f . 
Sand Si It 
MODIFIED WENTWORTH SCALE 
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TlllN SECTION : !Fl SUN B0YLlNG (4650 ft) ( tl2) 
Rock Na me 
Fine-grained, immatur e , chlori te-, pyrit e -, kaolinite-, iron oxide-, 
and quartz-over grow tb-cemen te d , clier t-, organic matter-, and muscovite 
bearing sub a rkose. 
l-'urosity 
0.Y {, ;::ilJ of which is pri r~:iry. 
St:itistics 
~ledi 10 grain size: 2.uG t), 0 .24 mm - fine-2;rained. 
l:'ar:Jgcne tic Sequence 
1 . nodul:ir pyrit e 
2. oxid a tion of pyri tc to iron oxiu e 
3. form :, lion of Fc:!-c alci tc (minor) 
4. compaction 
5. f e 1 d s pa r 1 ea c bi n g ( m in o r ) 
6. synt3xL,l qu a rtz overgro~:ths 
7. syntaxL:il f elds par ov ergro1.iths (minor) 
c. K ... wl ini t e cem c n t 
9 . chlorit e c~men t 
1-
z 
30 
"-' 20 (.) 
a: 
"' a. 
1-
::c 10 
<, 
"' 3: 
PHI SCALE 
-4 -3 -2 -I 0 +I +2 +3 +4 +5 +6 +7 +8 1---------..___.....,. ____ .,_ _ _.,_ _ __. __ .,_ _ _.,_ _ __. __ ._, 99.99 
THI~ SECTI O~ : Sun 
~l Boyling 
(4650 ft) 
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o-+---------+-- ...... ~-....---,---.-~......--------...---+- 0.01 
16 8 4 2 .5 .25 .125 .062 .031 .016 .008 mm (approx .) 
. cse cse. med.tine v.t . cse. med . fine v. t. 
Sand Silt Gravel 
MODIFIED WENTWORTH SCALE 
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THIN SECTION: 111 STOCKTON (4465-4484 ft) ( 0 3) 
Rock N::ime 
Fine-gr a ined, immature, ch]orite-, quartz-overgrowth-, and iron 
oxide-cement ~d, iron oxide-, chert-, ;1nd tourm~lin e -bearing sub3rkos e . 
Porosity 
7.4 %, ;, lJ. but ::i trace of whicl- is primary. 
St , tistic s 
Gr a phi c mean (M2 ): 2.85 0, 0.14 :nm - fine-grained. 
Med i:ln g c,in siz e : 2. 80 r/J, 0.15 mm - fine-gnined. 
PJ r a gen ~ ti c Sequence 
l. nodul .1r pyrite 
2 . oxidation ot pyrit e to iron oxide 
J . form ., tion of FP- cl cite ('llinor) 
4. compnc tion 
5. syn tax bl qw:; r tz overgrowths 
6. syntaxi31 f e ldsp n r overgrowths (minor) 
7. kaolinit e ce;nen t (minor) 
8 . chlori te cem e nt 
30 
,-. 
z 
LIJ 20 u 
a: 
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a. 
,-. 
:c 10 
~ 
LIJ 
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0 
PHI SCALE 
-4 -3 -2 -I 0 +I +2 +3 +4 +5 +6 + 7 +8 
t--_.._ _______ _. _ ___., _ _...._-+_-+--+------'---+--+ 99. 99 
THI:; SECTION: ;:;l Stockton 
(4465 - 4484 ft) 
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16 8 4 2 .5 .25 .125 .062 .031 .016 .008 mm (approx .) 
,--------..--- ......... ---- ---..----,-----.---..---.....-----.-----, 
cse. med. fine v. f . Grovel . cse cse. med.fine v. f. Sand Si It 
MODIFIED WENTWORTH SCALE 
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THIN SECTlON: Ill STOCKTON (4504 ft) ( 03) 
--- -
Rock Name 
Fine-grained, 
qunrtz-ov~rgrowth-, 
rock-fr ng ment-, 
quartzc1rcnj L..' , 
poorly-sorted, submature, siderite-, ctlorite-, 
and c3lcite-cem£·nted, metamorphic-, and sedimentary-
chert-, tourm1lin ~ -, and iron oxide-b ea ring 
Po rosity 
18 .5 %, ,11 but a trace of which is primary. 
Stati stics 
Graphic mean (Mz): 2 .56 r/J, 0.17 mm - fine-grained. 
Median gui n size: 2.50 (/J, 0. 18 mm - fine-gnined. 
lncl usi ve gm phic stan da rd dev i~ tion ( 0 1): 1. 04 r/J, poorly-sort e d. 
Inclusive graphic s kew ness (SK 1) : +U.14, fin e -skew ed . 
Graphic kurtosis (KG): +0.94, mesokurtic. 
PJ r : k'.ene tic Seq uencc 
1. nodular pyrite (minor) 
2 . oxid ~, tion of pyrite to iron oxid e (minor) 
3. form3tion of Fe-calcit e /siderite 
4. formation of chlorite rims (minor) 
5. compaction 
6. feldspar leachin g (minor) 
7. synt.Rxial qu ·u · tz overgrowths 
8 . kaolinite cement (minor) 
9 • c L J or i te c em c n t 
lU. por ~-f illing calcite cem e nt 
11. por e -fillin g barite cem~nt (minor) 
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w 20 (.) 
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PHI SCALE 
-4 -3 -2 -I 0 +I +2 +3 +4 +5 +6 + 7 +8 
t-- _____ ....__..____....__..____+--+--+--+------+---+- 99.99 
THI ~ SECTI ON: ~l Stockton 
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16 8 4 2 .5 .25 .125 .062 .031 .016 .008 mm (approx .) 
Grave I . cse cse. med. fine v. f. cse. med . fine v. f . 
Sand Si It 
MODIFIED WENTWORTH SCALE 
108 
HtIN SECTION: Ill SOUTH CHANDLER (4 845-4 850 ft) ( 04) 
--- -
Rock Name 
Very fine-grained, immature, siderite-, chlorite-, kaolinite-, 
qua rtz-o ve r g row th-, iron oxide-, ;:rnd pyrite- c emented, me tamorphic-, and 
sed i me n tary-rock-f ra gmen t-, and ch e r t-b e:i ring subarkose. 
Por os ity 
A tr a c e , ~11 o f which is pri mary. 
Stat isti c s 
Gr ap hi c mea n U tz ): 3 . 21 ~, 0 .19 mm - ve ry fine- g r a i n e d . 
1-L·dirn ½mi n siz e : 3 . LL !/). l .1 8 mm - ve ry f ine - gra in <:-'d, 
Pa r, gc ne tic Se qu e nc e 
l. nodu la r pyr i t e 
2 . oxid a tion of pyrit e to iron oxid e 
3 . form a tion of Fe -c a l c ite/sid <:-'rit e 
4 . forrn 3 lion of chlori te rims (minor) 
5. co mp.:ic tion 
6. f e ldsp a r l~achin g (minor) 
7 . synt .1x i...il quartz ov e rgrowt h s 
[L synt,xi '"11 feldspar ov e rgrowths (minor) 
9 . k·:iolini te cem e nt 
10 . chlorit~ cement 
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16 8 4 2 .5 .25 .125 .062 .031 .016 008 mm (approx.) 
Gravel . cse cse. med. tine v. f. cse . med. fine v. f . Sand Si It 
MODIFIED WENTWORTH SCALE 
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THIN SECTION: 11/1 SOUTH CHANDLER (4855-48 60 ~i_D!:2._ 
Rock Name 
Very fine-gr 3 ined, immature, chlori te-, calcite-, quartz-overgrow th-, 
and pyrite-c emented , me Ll.morphic-rock-fragmen t-be'3ring qu3rtzareni te. 
Porosity 
4.2 %, all but 3 trace of which is primary. 
Stn tistics 
Gr.::iphic mean (M 2) : 3. 0i' '/J, 0.12 mm- very fine-gr a ined. 
Med icin gn in size: 3.15 0, 0.11 mm- very fine-graine d . 
P~ra~enetic Seq uence 
1. no dular pyrite 
2. oxid a tion of pyrit e to iron oxid e (minor) 
~. for m~ tion of F2 - calcitc/sider it e 
4. form-:i tion of phosp!- ,J tic cement 
5. for;n;i tion of chlori te rim s (minor) 
6. compaction 
7. feldspnr l ea chin g (minor) 
S. syntax i :d qu .a t ·~ vcrg r ow ths 
':I. Llol init e cem•.'', t (minor ) 
1 0 . c h l o r i Le c c me n t 
11. por e -filling calcite and bari te ceme nts (;ninor) 
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16 8 4 2 .5 .25 .125 .062 .031 .016 .008 mm (approx .) 
Grave I cse. med. fine v. f . cse . med.fine v.f . Sand Si It 
MODIFIED WENTWORTH SCALE 
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THlN SECTION: tll SOUT!-i CHANDLER (4885 ft) .5_D!:2_ 
Rock Name 
Fine-grain ~d , immature, chlori te-, k., o] ini te-, sideri te-, pyrit e -, 
a nd ca lci te-cemen t~ d , me ramorpt , ic- a nd sedimen t 3 ry-rock-fragmen t-be,.ning 
sub a rkose. 
Porosity 
A tra ce , all o1 which is primi:lry. 
Statistics 
Graphic mean (M2 ): 2.60 0, 0 .16 mm - fine-grained. 
Median grain size: 2.42 0, O.lY mm - fine-grdin ed . 
Par1genetic Sequence 
1. no d ulJr pyrit e 
2. oxidntion of pyrite to iron oxid e (minor) 
3. formation of Fe-c al cit ~ /sideri te 
4. formation of chlori te rims (minor) 
5. com pa c ti on 
b. syn taxi a 1 quartz overgrowths (minor ) 
7. k~ olinite cement 
8. chlorite cement 
9 . pore-filline calcite ce ment 
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THlN SECTION: Ill HUMBLE (5057-5068 ft) ( 05) 
--- -
Rock Name 
Medium-grained, moderately well- sorted, subm3ture, kaolinite-, 
chlorit e -, and quilrtz-overgrowth-cement.ed, sedimentary-, and 
me t'l morphic-rock-fragmen t-, and cher t-be-1rin g subarkose. 
Porosity 
12.4 ~ , 60% of which is secondary. 
Sta tistics 
Graphic mean (M2 ): 1.86 0, 0.28 mm - medium-grain e d. 
Mcdi~n gr~in s iz u : 1.85 0, 0 .2 8 mm - medi um-gr ained 
lnclusive grilphic s t c1ndil rd deviation «i1 ): 0.53 0, moderately well-
sorted. 
lnclusive g rilphi c skewness (SK 1 ): +0.05, near-symmetric al . 
Gt:.iphic kurtosis (Kc): +0.93, mesokurtic. 
P3 r ag en e tic Se qu ence 
1. nodul 3 r pyrite (minor) 
2. oxidation of pyrit e to iron oxide (minor) 
3 . comp .1t.:tion 
4. feldsp3r le achi ng 
5. syntaxbl quartz overgrowths 
6. formation of chlorite rims 
7. por e -filling kaolinite c e ment 
30 
,-. 
z 
w 20 
u 
cc 
w 
Q. 
,-. 
:t: 10 
~ 
w 
~ 
0 
PHI SC.AL E 
-4 -3 -2 -I 0 +I +2 +3 +4 +5 +6 +7 +8 
.....------------+---+---------+--+- 99.99 
TH I :J S ECTION : :;;:l Humb le 
(505 7- 506 8 ft) 
99 .9 
99 .8 
99 .5 
99 
98 
95 
90 
80 
70 
60 
50 
40 
30 
20 
10 
5 
2 
0.5 
0 .2 
0 . 1 
0 .05 
-+-------+--......----+--......---+- ....... -+---+-- ........ ----+ , 0 . 0 I 
I-
z 
w 
u 
0::: 
w 
Cl. 
I-
I 
t!) 
w 
3 
w 
> 
I-
< 
_J 
::, 
~ 
::, 
u 
115 
16 8 4 2 .5 .25 .125 .062 .031 .016 .008 mm (approx .) 
Gravel . cse cse. med . fine v. f. cse . med. fine v. f . 
Sand Si It 
MODIFIED WENTWORTH SCALE 
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THIN SECTION: Ill CLARK (3255 tt) (06) 
Rock Name 
Very fine-grained, immature, sid e rite-J calcite-, and chlorite-
c e m en t e d , m e t;-, m or p hi c - r o c k - f r a g m en t- , i r o n ox i d e - , a n d c he r t - b e 3 r i n g 
sub ::rkos e . 
Porosity 
4.6 ;{ , all but a trace of which is prim ·-:iry. 
St.Jtistics 
MediJn gr Jin size: 3 . 37 ~. 0 .1 0 mm - very fine-grained, 
Pa ra genetic Sequence 
1 • nodular py r i t e 
2 . oxid a tioo uf pyrit e to iron oxide 
3 . form :.i tion of Fe-c :1lci t e /sid eri t e 
4. compuc tion 
5. syntaxL:il quartz overgrowths (minor) 
6 . k::iol inite cen,ent (minor-) 
7. chlorite cement 
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THIN SECTION: !!J_ CLARK ( 3263 ft) J_ D ..§1_ 
Rock Name 
Fine-grained, mod erately well sorted, subm at ure, chlorite-, 
k:iolinite-, pyrite-, 3 nd c alc ite-cemented, me ta mo rphic-, c1nd 
s0d i men ta ry-rock-fragmen t-, chert-, muscovite-, and tourm :1lin e -b ea ring 
subarkos~. 
Porosity 
8 . 7%, 111 but u trace of which is primary. 
Statistics 
Graphic mean (M2 ): 2 .49 ~, 0 .18 mm - fine-grained. 
Median grain size: 2 .42 0, 0 .1 9 mm - f ine- gra in ed . 
Incl usive graphic St3ndard dcvi:3 tion (0 1): 0.66 r/J, mode rn tely we ll-
sorted. 
l nclusi ve graphic skewness (SK 1 ): +0.Ul, ne3r-symmetri c3l 
GriJphic kurtosis (KG): +l.20, l 2 ptokurtic 
P3ragenetic Seq ue nce 
l. nodu l8r pyrite 
2. oxidation of pyrit e to iron oxide (minor) 
J . formation of F~-cqlcite/siderite 
4. compaction 
5. feldspar leac~ing (minor ) 
6 . synt 3xi ~ l quartz ov ergr owths (minor) 
7. kaolinite cement 
8 . chjorite cement 
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1 I l J t-. S E Cl 10 N : ii 1 CL A I:{ K ( jJ 0 4 f t ) ( D 6 ) 
- --- -
Rock Name 
Bimodal, very fin e - and fine-grained, immature, chlori te-, calcite-, 
.1nd sideri te-ce mc n ted , metamo rphic - '.ind sedimen tary-rock-fra p;men t-, and 
chert-be3ring sub ark os e . 
Porosity 
4. Ji; , 31 .l but a trn ce of which is prim.:1ry. 
St.:.iti sti c s 
i-led fan gnin size: J.J0 iJ, 0 .1 0 mm - very fine- g r a ine d 
P, r:1ge ne tic Sequ e n ce 
1. i10d ul a r pyrite (m inor) 
2. oxidntion of pyrite to iron oxide (minor) 
3. form at ion of Fe -c alcitc/ sid e rit e 
4. torm a tio n of c hlori t e rims (minor) 
5. com p3 c tio n 
6. f e l dspa r le3ching (minor) 
7. synt::ixi::11 quartz ove r g rowtr.s (minor) 
~- kaolinite cement (minor) 
9. chlori t e cem e nt 
10. pore -fillin g ca l cite cement 
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Appendix E. Thermodynamic-Data Calculations for Chlorite-Kaolinite 
Stability Predictions. 
Thermodyn3mic-Da ta C.alcula tions for Chlori te-Kaolini te 
Stability Predictions 
123 
Thermodynamic Theory- For any reaction, equilibrium is approached as the 
energy of re.:iction (~Gr) approaches zero. The enPrgy conditions for any 
reaction can be defined by the expression 
where G~ is the free energy of the system in its standard state at 
temperature T, R is the gas constant, and Q is the quotient of the 
product and reactant activities. At equilibriuml)Gr = O, and 
/j G~ = -RT lnQ 
where Q h.:is a constant value, the equilibrium constant K 
/jGO = -RT lnK r 
/JG~ of a reaction can be calculated by the difference be tween summed 
/j G ~ v a 1 u e s o f p rod u c ts and re a c tan ts 1 n v o 1 v e d in the re a c ti on a t the 
desired temperature. fj G~ values of the contributing components in the 
reaction at temperature Tare calculated by the expression 
where 6Hf T and t:,s 0 are the enthalpy of formation and the entropy 
' 
respectively. Values for these functions at 25° C are listed in Robie et 
al. (1978). To calculate 6Hl,T and 6s 0 at higher temperatures, the 
values at 2s0 c must be adjusted by using heat-capacity power functions 
or, for aqueous species, average heat capacities (Helgeson, 1969) 
6Hf,T =/JHf,298 + 298[T Cp dT (1) 
tJsT = l)s0298 + 29BfT Cp/T dT (2) 
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where CP is the heat-capacity expression. 
At temperature T, log K can be calculated by the expression 
log K = - 6 GrT/ 2.303RT 
For any reaction K = aPRODUCTS/aREACTANTS' where a is the activity. 
Taking the log of both sides of the equation, an equation for a straight 
line results in: 
log(aPRODUCTS) - log(aREACTANTS) = log K 
which represents equilibrium between the phases and species in the 
re a ction. The equation can be plotted using aREACTANTS and aPRODUCTS as 
the a xes. \.later chemistry data from wells can then be plotted on the 
dia g ram, and, dependin g on which side of the line representing the above 
equation th e data plot, will indicate whether products or reactants wil l 
be stable in a given water, 
Thermodynamic-Data Calculations for Woodbine Chlori te- During an attempt 
to predict the thermodynamic stability of a member of the chlori te 
solid- solution series, a problem arises because there are no measured 
values of 6Gf 0 , [j s0 , or Cp other than those for the iron and magnesium 
end-members. In order to predict the stability of a given chlorite, 
enthalpy and entropy must be estimated from measured values of 
components which could theoretically react to produce the chlori te 
(T:irdy and Garrels, 1974; Eugster and Chou, 1973; Nriagu, 1975; and 
Ballantyne, 1981). Once these data have been estimated at 25°c they can 
be calculated at higher tempera tu res by combining them with heat-
capacity power functions as in equations (3) and (4) (Helgeson, 1969) 
6 H1,r = DHt 298 + a(T-298) + b/2(T 2-29o 2) - c(l/T-1/298) (3) 
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{j s0 T = D.s0 29 b + alnT/298 + b(T-298) - c/2(1/T 2-l/298 2) (4) 
in which the last three terms in each expression represent the 
integrated heat-capacity power function for the mineral. The heat-
cap~city power function can be approximated from known power functions 
of mineral end- members, or by summation of the power functions of 
components used to produce the mineral hypothetically (Helgeson et al., 
1978; Ballantyne, 1981). The calculated values of Hf,T and s 0 T for 
chlorite can then be used in calculating the equilibrium constant for a 
reaction involving another mineral, as in equation (5) (Helgeson, 1969): 
log K(T) = T(6s 0 TPRODS. -lls 0 TREACTS.) - ({jHf ,TPRODS. + 
{j Hf, rREACTS.) / 2. 303RT ( 5) 
Chlorite-Kaolinite Stability 2.E_ the \.loodbine- Based on qualitative EDX 
spectra from the scanning-electron-microscope, the composition of 
authigenic chlorite identified in the Woodbine was estimated to be 
Fe 3 •6HgA11_4 (A1 1• 4s12 _6o10 )(OH)g 
Based on scanning-electron-microscope observations, EDX spectra, x-ray 
diffraction, and petrographic techniques, kaolinite was also identified 
in the Woodbine. Thermodynamic data are well established for kaolinite. 
In order to predict chlorite-kaolinite stability, thermodynamic data 
must be estimated for the chlorite. Thermodynamic data were estimated by 
two methods. 
The first method follows the preceding outline. The hypothetical 
reaction used to produce the observed chlorite was: 
126 
+ + 3.6Fe0 + l.3Si0 2 
Talc rather than brucite was used to produce the chlorite because 
talc's s true tural state is sim ill¼r to that of chlori te. This minimizes 
the error induced by differences in structural bond energies between 
silicates of different s true tural complex! ty. 
6H~, 25 (-1795 kcal/mole) and 6s 0 25 (0.162 kcal/mole K) were obtained 
by summing the values for the reactants (Robie et al., 1978) in the 
above reaction. Enthalpy and entropy for the chlorite at 60°C were 
calculated using equations (3) and (4) respectively. The heat-capacity 
power function for an iron-magnesium chlori te (Kaiser, 1984) was used 
for the chlorite in this study. 6Hf,T and [Js 0 T were calculated to be -
1790 kcal/mole and 0.174 kcal/mole K respectively. 
The reaction used to calculate equilibrium be tween kaolinite and 
chlori te is: 
from which the equilibrium constant 
K = (a +)9•2(a . )0.2/(a )6.2(a +2)(a +2)3.6 ( 6 ) H H4 S104 H20 Mg Fe 
In order to calculate log K for the kaolinite-chlorite reaction 
!JHf,T and uS0 T must be calculated for all phases and species in the 
reaction using equations (1) and (2) respectively. The heat-capacity 
power function for kaolinite was taken from Helgeson et al.(1978). 
Average heat capacities of Fe+ 2 and Mg+ 2 were calculated by the 
relationship: 
C = 35 - 0.41S 0 25 (Criss and Cobble, 1964), 
where 6s 0 25 = absolute entropy. 
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Average heat capacity, entropy, and enthalpy of H4 Si0 4 at 25° C were 
calculated from the reaction: 
Enthalpy and entropy for water were assumed to remain constant over the 
35° C temperature range. Values were taken from Robie et al. (1978). 
The equilibrium constant for the reaction between chlorite and 
kaolinite at 60° C was calculated from equation (5): 
log K60 °c = -60.2 kcal/mole 
The second method used to calculate an equilibrium constant for the 
chlorite-kaolinite reaction a ssumed that entropy and enthalpy remain 
constant for all phases and species involved in the reaction over the 
35° C temperature range. The same hypothetical reaction was used to 
produce the chlorite, and the same reaction between kaolinite and 
chlorite was used to predict mineral stability. 
En th:il py and entropy of chlori te at 25° C were again calculated by 
summation of contributing components in the reaction. 
6Hf = -1795 kcal/mole 
6 s0 = 0.162 kcal/mole 
However, [:.G~ at 60° C was then calculated from the relationship: 
= -1848.9 kcal/mole 
This value was then used to calculate 6G~ for the kaolinite-chlorite 
reaction by the expression: 
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reaction by the expression: 
Thermodynamic data for all other phases and species involved in the 
reaction were taken from Robie et al. (1978); and 
log K6ooc = - /JG~/ 2.303RT 
= -49.5 kcal/ mole 
Expression (6) can be written in the form of an equation for a 
straight line and plotted on a graph: 
where log ( a +) 9 • 2 (a . )0• 2 /(a )6.2 and log (a + 2)(a +2)3.6 are H H4 S10 4 H2 0 Mg Fe 
r e pr e sented by th e x a nd y axes respectively (Fig.17). The resulting 
str a ight line represents kaolinite-chlorite equilibrium, and marks the 
boundary between stability fields of the two minerals. The graph can 
then be used to test whether a particular water is in equilibrium with 
one or the other of the minerals. Water-chemistry analyses which plot 
a bove the line represent waters in which chlorite is the stable phase, 
while those which plot below the line represent waters in which 
kaolinite is the stable phase. 
From scanning-electron-microscope observations (Figs.IO and 11) it 
c1ppe a rs that chlorite is presently precipitating, or is at least 
stable, in Woodbine waters in the deep, central portion of the basin. If 
the first approach outlined above is used to estimate chlorite 
therrnodynam ic data, the resulting line rep re sen ting chlori te-kaolini te 
equHibrium plots well above water chemistry data points 6 through 13. 
These da tD points are from waters from the central portion of the basin 
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which are apparently at least saturated with respect to chlorite at 60° 
C. For this reason the second approach is considered to more accurately 
represent stability relationships be tween kaolinite and chlori te in the 
\.ioodbine, and is used to construct the stability fields in Figure 17. 
The source of error be tween log K values calculated by the two 
methods probably lies in the calculated tHf,T values of iron and, to a 
lesser extent, magnesium. The discrepancy may result from the use of 
average heat capacities in calculating the enthalpy of iron and 
magnesium at 60° C. 
,. 
